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ABSTRACT 

The treatment of adsorption from binary liquid solution proposed by Kipling and 
Tester (4) is criticized for its application of a unimolecular adsorption mechanism to 
porous adsorbents. It is shown that results of Kipling and Tester and others for ad- 
sorption by porous adsorbents from solution can be interpreted in a more consistent 
way through a pore-filling mechanism. It is pointed out that adsorption from solution 
should be comparable to adsorption from saturated vapors only if the area of liquid- 
vapor interface in the latter case is negligible compared to the surface area of the 
adsorbent—a condition generally satisfied by porous adsorbents. 


INTRODUCTION 
Several attempts have been made to explain isotherms for adsorption 


from binary solution as composites of the individual isotherms of the two 


pure components. 
The relation between the binary solution isotherm and the individual 


isotherms 


Wee a n'i(1 — x2) — nox [1] 


has been advanced by Ostwald and de Izaguirre (1) and Bartell and Sloan 
(2), where 7 is the total number of moles in the original solution, n*, and 
n* are, respectively, the number of moles of components 1 and 2 adsorbed 
per gram of adsorbent, and z is the mole fraction of component 1 in the 
solution after adsorption. 

Bartell and Sloan assumed that the individual isotherms obeyed the 
Freundlich equation, thus obtaining the relation: 


ma Site Glee sin)k 2h: (2] 


They evaluated the four constants by a series of successive approximations, 
thereby obtaining the individual isotherms. Later, Kipling and Tester (3) 
applied a similar treatment, assuming that the individual adsorption 
isotherms followed a Langmuir equation instead of a Freundlich equation. 
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The inadequacies of these two treatments have been discussed in a recent 
paper by Kipling and Tester (4). ; 

Kipling and Tester obtained individual adsorption isotherms by measur- 
ing adsorption from the vapors in equilibrium with the binary solutions, 
using a steam-activated coconut charcoal adsorbent. They then proposed 
a method for describing their results. Following the treatment of Elton (5), 
they assumed that the surface of the adsorbent is covered at all times by a 
unimolecular layer of adsorbate. Thus they write: 


nA, + n Ao = A, [3] 


where A; and A, are the areas occupied by 1 mole of components 1 and 2, 
and A is the total surface area of 1 gram of adsorbent. Equation [3] can 
also be rewritten as: 

mene 

(n*,)° (n*.)° 
where (n*;)° and (n*))® are the amounts adsorbed from the vapors of the 
pure components. Using Eqs. [1] and [4] they obtained the individual 
isotherms, 7.¢., n*,; and n‘, as functions of x, the mole fraction. The cal- 
culated individual isotherms agreed rather well with the individual iso- 
therms obtained experimentally by adsorption from the vapor phase. 


qk [4] 


‘THEORY 


The treatment of Kipling and Tester rests mainly upon the assumption 
that adsorption from binary solutions is unimolecular in character. They 
justify this assumption by noting that the isotherms for the pure vapors 
adsorbed separately on charcoal obey Langmuir’s equation for unimolecular 
adsorption. There are several reasons for questioning strongly the validity 
of this treatment. 

The adsorption of gases and vapors by charcoal, though fairly well 
represented by Langmuir’s equation, has been shown rather conclusively 
to depend on a mechanism other than that proposed by Langmuir. Pierce, 
Wiley, and Smith (6) have stated that even at low relative pressures the 
assumption of monolayer adsorption is incorrect. Their reasons for assuming 
that capillary condensation occurs simultaneously with adsorption in the 
first layer are based on the following considerations: (1) excessively large 
surface areas are often computed on the basis of monolayer adsorption; (2) 
the pore diameters that must be assumed if adsorption is monomolecular 
are quite small; (3) volumes of adsorbates held by a given charcoal are 
constant. From the constancy of pore volume, they believe that capillary 
widths must be at least several molecular diameters, larger yet for steam- 
activated charcoals. 

It has been demonstrated that adsorption from binary solution is not 
necessarily unimolecular, even on nonporous adsorbents. Recently Craig 
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(7) has shown the existence of multilayer adsorption in the system butyric 
acid-water on the nonporous adsorbent Graphon. In this case the adsorp- 
tion of butyric acid actually exceeds the maximum amount that could be 
packed into a close-packed monolayer. Since indications are that mono- 
layers contain solvent molecules as well as solute molecules, there is good 
evidence that all adsorption from binary solution is multimolecular in 
nature. Multilayer adsorption has been demonstrated from solutions of 
limited solubility by Hansen, Fu, and Bartell (8), using nonporous ad- 
sorbents. The presence of capillary condensation when water is adsorbed 
from solutions of water in the higher alcohols on silica gel has been shown 
by Bartell and Donahue (9). These facts would lead one to question the 
assumption that adsorption from binary solutions on porous adsorbents is 
unimolecular. Further doubts arise when one studies the molecular areas 
calculated by Kipling and Tester on the basis of unimolecular adsorption. 
They calculated molecular areas for benzene and ethyl alcohol of 27.1 
and 17.9 square A., respectively. To explain this area for benzene it is 
necessary that the benzene be adsorbed edgewise; the value for ethyl 
alcohol is considerably smaller than the value of 21.6 square A. obtained 
from film balance studies on alcohols as reported by Adam (10). Edgewise 
adsorption of benzene seems energetically unfavorable compared to 
adsorption of benzene with the plane of the molecule parallel to the surface 
of the adsorbent. 

What appears to us a more reasonable treatment and one more con- 
sistent with the known mechanism of vapor adsorption by porous adsorb- 
ents can be based on the assumption that the adsorption is constrained 
by the pore volume of the adsorbent. This can be expressed as: 


n\Vi + nVe2 = V, [5] 


where n*; and n* have the same significance as before, Vi and V2 are the 
respective molar volumes of components 1 and 2, and V is the pore volume 
of the adsorbent. It should be noted that Eq. [5] can be rewritten in the 
form that is identical with Eq. [4], leading to the further result: 


(n)V1 = V. [6] 


Thus, an analysis of a binary solution isotherm using Eqs. [1] and [4] 
will lead to individual isotherms which are identical with those calculated 
by the method of Kipling and Tester. 

The volumes of liquid held by the adsorbent used by Kipling and Tester 
were 0.306, 0.311, and 0.309 cc. per gram for benzene, ethyl alcohol, and 
ethylene chloride, respectively. The variation from the average is within 
1%. Tryhorn and Wyatt (11) studied adsorption from benzene-ethanol 
and benzene-acetone mixtures on charcoal. With their charcoal the volumes 
of liquid held were 0.162, 0.159, and 0.166 cc. per gram for benzene, ethyl 
alcohol, and acetone, respectively. The variation in this case is within 


4 R. D. HANSEN AND R. S. HANSEN 


TABLE I 
Adsorption from Ethanol-Benzene Solutions 
Mole fraction Volume of ethanol adsorbed |Volume of benzene adsorbed| Total volume of adsorbate 
of ethanol cc./g.) cc./g.) 
0 0 0.306 0.306 
0.1 0.039 0.264 0.3038 
0.2 0.044 0.263 0.307 
0.3 0.049 0.259 | 0.308 
0.4 0.052 0.256 0.308 
0.5 0.057 0.253 H 0.310 
0.6 0.062 | 0.249 0.311 
0.7 0.070 0.241 0.311 
0.8 0.090 0.221 | 0.311 
0.9 0.125 | 0.187 | 0.312 
1.0 0.311 0 0.311 


Calculated from isotherms of Kipling and Tester. 


2.5% of the average. Tryhorn and Wyatt (12) obtained an average value 
of 0.16 cc. per gram for the pore volume from averaging the volume of 
adsorbate held by the four systems methyl alcohol-benzene to butyl 
alcohol-benzene. The constancy of these adsorbate volumes strongly 
indicates a pore-filling mechanism rather than a monolayer adsorption 
process. 

In Table I are shown the total volumes of adsorbate for the system 
benzene-ethyl alcohol at one-tenth mole fraction intervals, taken from the 
isotherms of Kipling and Tester. It can be seen that the variation in total 
volume of adsorbate is within 1.5% of the average over the entire con- 
centration range. This constancy of total volume of adsorbate over the 
entire range lends further support’ to the premise that the adsorption on 
charcoal occurs by a pore-filling mechanism. 

With the method of analysis proposed here, once the pore volume has 
been determined for an adsorbent, individual isotherms can be calculated 
from the binary solution isotherm, using Eqs. [1] and [5]. This treatment, 
of course, leads to calculated individual isotherms substantially identical 
to those found by Kipling and Tester and was also found to represent well 
data of Tryhorn and Wyatt. The treatment of Kipling and Tester, even if 
applicable to porous adsorbents, cannot be used unless the values of the 
amounts adsorbed from the vapors of the pure liquids are known. To 
calculate the individual isotherms without these values, one must know 
the surrace area of the adsorbent and choose suitable values for the mo- 
lecular areas occupied by the two components. In practice, this would 
undoubtedly be quite difficult. 


In addition to the treatment already discussed, Kipling and Tester 
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also proposed a kinetic treatment based on the same model of monolayer 
adsorption. This treatment gave the following equations for o; and 02, 
the fractions of surface covered by components 1 and 2, respectively : 


we Pi ; a p2 

pm+Kp,’ ” p+ p/K 7] 
This treatment also gave results that agreed satisfactorily with experimental 
results. 

Their kinetic treatment is quite similar to the Langmuir multicomponent 
treatment, as presented by Markham and Benton (13). In view of the 
fact that the separate gas isotherms obeyed Langmuir’s equation, it is 
not surprising that the individual isotherms of adsorption from binary 
solution also fit the Langmuir multicomponent equations, although again 
it must be emphasized that this agreement in no way establishes a mono- 
layer adsorption mechanism. 

The limiting cases where this treatment fails to hold should be pointed 
out. Whenever the pore radii are the same order of magnitude as the 
molecular radii, the volume of adsorbate will cease to be constant due to 
incomplete filling of the pores. The steric effects of these small pore radii 
have been discussed in detail by Brunauer (14). When the pore radii are 
small, Eq. [5] no longer holds and this treatment breaks down. 

It should be borne in mind that adsorption from saturated vapors 
differs from adsorption from solution in an important respect. In the 
adsorption from saturated vapors there is, in addition to the adsorption 
at the solid-liquid interface, adsorption at the liquid-vapor interface. 
Therefore, great caution must be exercised in comparing adsorption from 
solution with adsorption from saturated vapors. Only when the area of the 
liquid-vapor interface is neglibly small compared to the surface area of 
the adsorbent can the two modes of adsorption be considered the same. 
This condition is generally satisfied by porous adsorbents. However, when 
the pore radii became large, the liquid-vapor interface can no longer be 
neglected and the effects of the adsorption at this interface must be con- 
sidered. 


O71 


SUMMARY 


The treatment of adsorption from binary liquid solution proposed by 
Kipling and Tester (4) is criticized for its application of a unimolecular 
adsorption mechanism to porous adsorbents. 

It is shown that results of Kipling and Tester and others for adsorption 
by porous adsorbents from solution can be interpreted in a more consistent 
way through a pore-filling mechanism. In accord with this, total adsorp- 
tion volumes are found to be constant in the systems discussed. 

Equations are presented based on the pore-filling mechanism which are 


6 


R. D. HANSEN AND R. S. HANSEN 


formally equivalent to those presented by Kipling and Tester; these 
equations should be valid if pore diameters are suitably larger than mo- 
lecular diameters of adsorbate components. 


It is pointed out that adsorption from solution should be comparable 


to adsorption from saturated vapors only if the area of liquid-vapor inter- 
face in the latter case is negligible compared to the surface area of the 
adsorbent—a condition generally satisfied by porous adsorbents. 


SOMN DAR wWNe 
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ABSTRACT 


A coaxial cylinder viscometer is described for the absolute measurement of shear- 
ing stress vs. velocity gradient up to high values of gradient. Principal features of 
construction are: bottomless cylindrical shearing surfaces, very small annular clear- 
ance, rigid mechanical alignment of the cylinders, and a pressure-feeding system. 
Several advantages are thereby achieved, not found together in other cylindrical 
viscometers: (1) versatility in testing a wide range of viscous fluids, including gels; 
(2) measurement of shearing stress and corresponding velocity gradient as essentially 
point values; (3) variability of velocity gradient up to high values; (4) good control 
of fluid temperatures; and (5) ease of introduction of fluids for test. Typical experi- 
mental results are presented for viscous Newtonian fluids, a commercial paint, and a 
varnish. 


INTRODUCTION 


The apparent viscosity 72 of any fluid is defined as the ratio 7/D, wherein 
7 is a point value of shearing stress and D the corresponding value of 
velocity gradient. As the apparent viscosity, 72, of a non-Newtonian fluid 
is a variable function of + and D, it cannot be specified unless 7 or D is 
specified. 

Falling ball and capillary viscometers subject a fluid under test to a flow 
pattern in which 7 and D vary continuously. It is possible to interpret the 
flow of a non-Newtonian fluid in a capillary viscometer in terms of point 
values of r and D (1), but the method entails extensive calculation. For the 
testing of non-Newtonian fluids, the usual types of coaxial cylinder vis- 
cometers, particularly those incorporating a torsion wire, have certain 
shortcomings: notably, considerable variation of D in the fluid under test, 
owing to the width of the cylindrical annulus containing the fluid, and 
virtual inoperability with gelled fluids. Another disadvantage of con- 
ventional instruments of this type is the low value of D obtainable within 
the range of Reynolds numbers associated with laminar flow. Many instru- 
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ments in addition lack adequate means of controlling the temperature of 
the fluid under test. ; 

Certain special instruments capable of providing high-velocity gradients 
have been designed to test specific fluids such as lubricating oil, paint, and 
printing ink (2, 3, 4). Their various constructional features, however, appear 
to preclude the testing of structurally unhomogeneous fluids such as some 
polymer solutions. : 

It is the purpose of this paper to describe a type of coaxial cylinder vis- 
cometer that permits the absolute measurement of 7 and D as essentially 
point values. This viscometer, devised by the author, has several advantages 
not found together in any other cylindrical viscometer. The principal 
features of construction are bottomless cylindrical surfaces, very. small 
annular clearances between the cylinders, rigid and precise coaxial align- 
ment of the cylinders, and a closed, pressure-feeding system for introducing 
fluid for test. 

The several advantages simultaneously achieved by these constructional 
features are: 

1. Ability to test a wide variety of viscous and non-Newtonian fluids, 
including gels and pigmented fluids. 

2. Establishment of a substantially constant velocity gradient and 
shearing stress. 

3. Variability of the velocity gradient over a wide range and up to high 
values. 

4. Good temperature control of the fluid under test. 

5. Ease of introduction of fluids such as gels and highly viscous fluids. 

Velocity gradients as high as 6700 reciprocal seconds have so far been 
explored, the practical limit being considerably higher, and viscosities as 
high as 9000 centipoises have been measured. The lower limit on the 
viscosity of fluids that may be tested appears to be of the order of magnitude 
of 50 centipoises. 


DETAILS OF CONSTRUCTION 


A cross-sectional plan of the viscometer is shown in Fig. 1. A 3¢-in. diameter steel 
drill rod, 8, serves as the driving shaft for the instrument. The upper end is held in 
the chuck of a drill press (or other variable speed-driving mechanism), and the lower 
end rests on a lathe center-pin, P, suitably held in a frame so as to make the shaft 
exactly perpendicular. Securely fixed to the shaft is a concentrically machined frame, 
F, of the cross-sectional shape shown, the primary purpose of which is to form a seat 
for the outer ring OR of ball bearing B, so that this ring is exactly concentric with 
and perpendicular to the shaft S. A cylindrical brass ring, A, is machined so as to fit 
snugly and concentrically on the inner ring, IR, of the bearing B. The inner surface, 
M, of ring A is bored so as to be exactly vertical to and concentric with the shaft 8. 
The diameter of cylindrical surface M on ring A is 2.502 in., and its height is 1.0 in. 

A cylindrical cup, C, is bored so as to slide snugly without play on shaft 8S. The 
cup is milled out so as to provide a chamber, CW, to hold cooling water. The outer 
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cylindrical surface, N, of the cup is 1.0 in. high and is machined so as to be exactly 
vertical to and concentric with the shaft S. The clearance between surfaces M and N 
is intended to be constant and very small. In the present instrument, the clearance 
is 0.00603 + 0.0003 in. The outer cylindrical surface of the cup N is parallel to the axis 
of the instrument to within + 0.0001 in., and its deviation from a true circle at any 
plane is +0.0001 in. Surface M of the ring is parallel to the axis of the instrument to 
within + 0.0002 in., and its deviation from a true circle at any plane is 0.0002 in. 

The cup C slides down shaft S and comes to rest on the frame F at such a level 
that the surfaces M and N exactly coincide. 

A pin, V, on frame F cooperates with a hole, W, in the bottom of cup C so as to 
cause the cup C to rotate at the speed of the shaft S and frame F. The inner ring, IR, 
of bearing B and the ring A fitted thereon are restrained from rotating when the shaft 
is rotated, by a cord fastened to a hook K on ring A, which is led therefrom tangen- 
tially and horizontally to a pulley wheel of low friction, and thence vertically to a 
triple-beam balance secured on a frame overhead. 


DETAILS OF OPERATION 


Before any experimental measurements are made, the viscometer is 
rotated for a minute at high speed to distribute the lubricant (spindle oil) 
on the ball race. The speed-drag characteristics of the bearing, properly 
lubricated, are essentially constant at constant temperature. If the ball 
bearing becomes accidentally contaminated with foreign matter, it is 
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Fig. 1. Elevation of viscometer (drawn to scale). 
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thoroughly washed with benzene and again lubricated with a drop of 
‘spindle oil. One next rotates the instrument by means of the drill press at a. 
number of different speeds, each speed constant and determined by the 
drill press belt arrangement, and records the force on the cord caused by 
the bearing drag for each speed, subsequently designated as Fp. 

The fluid to be tested is now introduced into syringe SY (a small cylinder, 
SC, and piston, SP, with nozzle, SN). The syringe is mounted in a vertical 
hole, Hi, bored in ring A, which communicates with three small horizontal 
holes, H2, H;, and Hy, each ¥¢ in. in diameter. By forcing the piston down. 
into the syringe, the fluid to be tested is caused to flow through hole Hy 
to Hz, H3, and Hy, and then into the annulus formed by surfaces M and N. 
When fluid appears at the top of the annulus, the injection is stopped 
and the tests are made. The groove G in ring A is intended to receive 
excess fluid overflow. 

One now rotates the instrument thus filled at successively greater or 
lesser rates of rotation and measures the gross force on the balance trans- 
mitted through the cord necessary to counterbalance the moment of 
torque on ring A. This force is subsequently designated as Fz. 

In the determination of shearing stresses, a triple-beam balance of 
2000-g. capacity has been found convenient.! A light cord running from 
the stationary ring of the viscometer is carried over a pulley wheel up to a 
hook under the platform of the balance. The friction in the cord and wheel 
is less than 0.5 g., and the balance itself (made by Central Scientific Com- 
pany) is accurate to +0.1 g., which is greater than the accuracy with which 
the bearing loss and the total force on the ring can be determined. The arm 
of the balance tends to wander slightly above and below the zero mark, 
but owing to its inertia this fluctuation is slow, and a consistent reading 
for nongelled fluids can be obtained to within at least -2 g. 

It has usually been found that a stable reading is attained within 3 sec. 
after start of rotation of the viscometer at a predetermined speed of 
rotation unless the fluid is thixotropic. The balance can be accurately 
adjusted within 5 sec. The results herein reported are based on readings 
which have been obtained in not less than 4 nor more than 8 sec. of opera- 
tion at any speed. 

The original data taken on a commercial enamel paint? are given in 
Table I and show a typical deviation of +2 grams-force in the determina- 
tion of gross scale reading F’,, and of +1 gram-force in the determination 


A A spring dynamometer was used in the testing of a glucose solution of 9100 c.p. 
viscosity, reported below, since the torque exceeded the capacity of the triple beam 
balances. 

* As the gel structure of paint is destroyed virtually instantaneously upon shear, 


a stable reading of Fz is obtained at once. Paint exemplifies false-body rather than 
thixotropy. 
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TABLE I 
Commercial Enamel Paint 
(Data taken at 30.5° + 0.2°C.) 


ae ES er a a Bey 
be Run 1° Run 2¢ Run 3° Run 4¢ Avg. D | eS 
433 52 | 55 55 | 55 55 24 0.8 
714 78 76 78 — 78 26 | 1.34 
1220 110 113 3) 110 110 31 | 2.04 
1850 155 OS ail 55S ail GO e156 36 3.09 
3210 248 245 245 = 246 43 5.23 
3880 295 300 296 300 297 50 6.36 
6690 470 472 470 470 470 70 10.3 


* Found from rotational speeds by Eq. [1]; sec.—. 

> Velocity gradient increased from 433 to 6690 sec.-!. 

¢ Velocity gradient decreased from 6690 to 433 sec.—. 

4 Bearing drag measured before and after 4 runs. Deviation + 1 gram—force. 
® Calculated from F’g ave. by Eq. [4] in grams—force/sq. em. 


of bearing drag Fp for the empty instrument at a given rotational speed 
and under constant temperature. 

During the course of a test, water at constant temperature is con- 
tinuously supplied to the cup chamber, CW, through a tube (not shown) 
and is continuously removed through another tube (not shown) leading 
to an aspirator. In future models it is planned to design the ring A so 
that it too may carry a temperature-regulating water stream. 

Cleaning the apparatus after a run is relatively simple. The cup C is 
pulled off shaft S and washed with a suitable solvent. With cup C removed, 
one can now wash and wipe clean the ring A. Because of its low hold-up, 
the feeding system (holes, Hi, Hz, H; and Hy) is easily cleaned by filling 
the syringe with a suitable solvent and forcing it through the feeding 
channels. The solvent and the excess fluid that leaks out of the annulus 
during test runs drop into the reservoir R formed in frame F, from which 
they run out through ports RP into a suitable collecting device. 


PRINCIPAL CALCULATIONS—PuyYSICAL CONSTANTS OF VISCOMETER 
Calculation of Velocity Gradient D 


In a coaxial cylinder viscometer the point velocity gradient D existing in a lamina 
of fluid at radius r is equal to rdw/dr. Because in this viscometer the distance from 
inner to outer cylinders is so small a fraction of the radius of either, D is substantially 
constant from one cylindrical surface to the other and may be calculated as rAw/Ar. 


3 Provided the fluid under shear is contained entirely between cylindrical surfaces 
of constant radii. 
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Thus 
D = avg. (wr — We)/(tr — Te) {1] 


wherein: r, = inside radius of ring; 
re = outside radius of cup; 


Tavg. = (7; ar 1 )/2; 5 “ 
w, = angular velocity of ring (zero for this viscometer) ; 
we = angular velocity of cup = 27(N); 


N = revolutions per second (r.p.s.) of the shaft S. 
In the instrument here described, r, = 1.251 in. and r- = 1.245 in.; thus ravg. = 
1.248 in. The quantity r, — r- accurately measured was found to be 0.0060 + 0.0003 in. 
In the experiments hereafter reported, a standard series of fixed speeds of rota- 
tion of the shaft was used. These several rotational speeds and the corresponding 
velocity gradients obtained in the viscometer are given below: 


INS ITLET DiS crete etre iot- air: 0.333 0.548 0.938 1.425 2.47 2.98 5.14 
IDSC Cheat eriett eit 433 714 1220 1850 3210 3880 6690: 


Calculation of Shearing Stress 


The average area A over which shear occurs is taken as the mean cylindrical area 
of height / radius ravg., bounded by ring surface M and cup surface N. 
Thus 
Ages ar regi l- [2] 


In the instrument described, A = 50.5 sq. cm. 

Since the moment of torque at any radius from the axis is constant, the mean 
tangential force F resulting from fluid shear along the mean cylindrical surface A 
is calculated as: 


F = (Fg — Fp) (10/Tavg.) [3} 


Herein, Fz is the total force on the cord measured with the instrument filled, 
Fp is the bearing drag of the empty instrument at the same rotational speed, ro is 
the outer radius of the ring to which the cord is tangent, and ravg. is the mean radius 
of shear of the fluid, defined above. The ratio ro/ravg. is numerically 1.30 for this in- 
strument. The average shearing stress 7 is now calculated as 


1=F/A. [4] 


Calculation of Viscosity 


As A is measured in square centimeters and F has been reported in this paper as 


grams-force, dimensional consistency requires that the apparent viscosity na in 
centipoises be calculated as: 


no = 98000 r/D. [5] 


TypicaAL ExperRmfMENTAL RESULTS 
Calibrating Fluids 


To confirm the methods of calculation shown in the preceding section, 
three different calibrating fluids were tested by this viscometer, two 
aqueous solutions of sucrose of different concentrations and one glycerin 
solution. The glucose solutions were standardized on an Interchemical 
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D,SEC-! 
Fig. 2. r-D diagrams for calibrating solutions. 


Curve 1: Glucose-water, standard #1. 20.5° + 0.2°C. 
Curve 2: Glucose-water, standard 2. 20.5° + 0.2°C. 
Curve 3: Glycerol, 95.8% by weight. 17.0° + 0.2°C, 


Viscometer (5) at 400 r.p.m., corresponding to an average value of D = 600 
sec.—', through the courtesy of the Dewey & Almy Chemical Company of 
Cambridge, Massachusetts. 

The glucose solution of lower concentration, tested at 20.5° + 0.2°C., 
behaves as a Newtonian fluid, as shown by the linear 7-D plot passing 
_ through the origin (curve 1 of Fig. 2). The value of apparent viscosity is 
found to be 2580 c.p., in fair agreement with the value obtained by stand- 
ardization, 2370 c.p. The glucose solution of higher concentration, also 
tested at 20.5° + 2°C., showed definitely pseudoplastic properties from the 
7-D plot (curve 2 of Fig. 2). At a velocity gradient of 600 sec.—, the 
apparent viscosity 7. is found to be 9100 c.p., which is in fair agreement 
with the value obtained on the Interchemical Viscometer of 8950 c.p. for 
an average gradient in the latter instrument of 600 sec.. The aqueous 
glycerol solution (96.3% glycerol by weight) tested at 17.0° + 0.2°C. 
yielded a r-D curve (curve 3 of Fig. 2) showing Newtonian behavior as 
expected and a viscosity of 672 c.p. 


Paint and Varnish 


In Figure 3, the r-D diagrams of a commercial enamel paint and a com- 
mercial varnish are presented. Both determinations were made at 30.5° + 
0.2°C. The varnish (curve 2) shows substantially Newtonian behavior, 
having a constant viscosity of 113 centipoises and no yield point. The 
enamel (curve 1), on the other hand, shows a slight yield point upon 
extrapolation, perhaps 0.1 g./cm.?, followed by a gentle curvature in the 
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Fig. 3. 7-D diagrams for commercial paint and varnish samples at 30.5° + 0.2°C. 


Curve 1: Commercial enamel paint. 
Curve 2: Commercial spar varnish. 


7-D plot. For both the enamel and the varnish, exactly the same 7 D 
plots were obtained with increasing and decreasing velocity gradients. 

In addition to the fluids described above, a number of solutions of 
synthetic rubber, including some highly gelled solutions, have been studied 
and will be described in a subsequent paper. 


Discussion 
Heat Generation in the Fluid during Shear 


In viscometers that subject the fluid to high-velocity gradients, tem- 
perature rise in the fluid (as a result of degradation of shearing work to 
heat) becomes a matter of concern. The temperature coefficient of vis- 
cosity of many fluids is so great that accidental rise in temperature of the 
fluid by a few degrees is sufficient to invalidate the results of a viscometric 
test. 

To ascertain whether temperature rise during shear occurs to a significant 
extent in this viscometer, the following experiment was made. A fine 
duplex thermocouple wire was led down through a specially fitted syringe 
through hole H, and out through hole H; (as shown in Fig. 1) until the 
tip of this probe protruded perceptibly into the annulus of fluid shear 
(between ring A and cup C of Fig. 1). A viscous fluid (10% Buna-N by 
weight in aniline) was then introduced through the syringe into the vis- 
cometer, the cup of which was receiving cooling water at 21.0°C. Ambient 
air temperature was 21.0°C. When the temperature of fluid in the interface 
had reached 21.0°C., the viscometer was set in rotation at a speed cor- 
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responding to a velocity gradient of 6690 sec.-'. The following data were 
obtained: 


Time from Temperature Change of 
Start of Fluid Temperature 
(sec.) (Gos (°C.) 

5 21.0 0 
30 22.2 +1.2 
60 23.0 +2.0 


The average net force required to restrain the ring of the viscometer 
during the test was 2500 g., corresponding to a shearing stress of 63 g./em2 
on the fluid. The apparent viscosity of the fluid at this velocity gradient 
was determined to be 930 centipoises. Calculation of the rate of work input 
to the fluid and the corresponding rate of heat generation in the fluid 
showed that the temperature rise would be of the order of 1°C. per second 
if the fluid were considered as an adiabatic system. 

The observed fact that the rate of temperature rise was approximately 
1Zoth of that predicted for adiabatic operation clearly indicates that the 
shearing members of the viscometer (the cup and the ring) serve as effective 
isothermal reservoirs for heat. Not only is the mass of these parts very 
large compared with that of the fluid (some 300 g. vs. 0.75 g.) but the 
layer of fluid is so thin that rapid dissipation of heat by conduction is 
possible. 

As the scale readings for all viscometric determinations are taken 
within a maximum of 8 sec. of the start of shear, it is believed that tem- 
perature control of the fluid in this viscometer is sufficiently precise. The 
variations in temperature noted in the experimental results presented 
above are not ascribable to heat generation during shear, but solely to the 
inadequacies of the thermostatic system used to control the water supply 
to the cup of the viscometer. 


Effect of Surface Tension 


In considering how a fluid, introduced into the bottomless annulus of 
the viscometer here described, can remain in the annulus during testing, 
it is reasonable to examine the role of surface forces. In normal operation 
of this viscometer, fluid that has flowed up out of the annulus forms a 
layer above the annulus that wets the upper surfaces both of the ring and 
the cup. It is, therefore, inconceivable that interfacial tension of significant 
magnitude is operative at the top of the annulus to hold liquid in the 
annulus in the manner of a column of fluid held in a capillary tube. 


If one will assume that a perfectly uniform ring of fluid hangs from the bottom of 
the annulus, the minimum cross section of this ring occurring at the edge of the 
annulus, then following the principle underlying the pendant drop method of surface 
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tension measurement, one may compute approximately the surface tension ‘which 
the fluid must have in order to support the entire annular body of fluid against grav- 
ity, as: 


Oo > per ay [6] 


wherein y = specific weight, / = height of fluid annulus (here 2.54 cm.), and r, and 
re are as previously defined and equal to 0.0153 cm. The weight of fluid in the pendant 
ring is neglected. Assuming a density of 1.0 (y = 980) and using the values of l, 7,, 
and r, given above, one finds « > 19 dynes/em.—a value lower than the surface ten- 
sions of most simple organic fluids and far lower than most aqueous solutions. 


It is, therefore, at least theoretically possible that most lquids should 
remain in the annulus owing to surface tension in the pendant ring below 
when the cylinders are stationary. On the other hand, during operation 
of the viscometer, the continuous movement of the fluid hanging from 
the annulus and the disruption of its surface render the surface tension 
effect possibly negligible and surely indeterminable. During shear the 
loss of fluid from the annulus at a significant rate is more likely prevented 
solely by the fact that the gravitational force acting vertically on the 
fluid causes only a very slight velocity of descent, owing to the substantial 
viscosities of the fluids appropriate for testing in this instrument. This will 
be shown more fully below. 


Deviations from Ideal Flow 


The idealized case of radial slip of perfect, concentric, cylindrical laminas 
of fluid past each other that underlies the evaluation of Eq. [5] is never 
completely achieved in any viscometer. Certain deviations in the flow 
pattern from the ideal case occur in the viscometer here described that are 
worthy of note. These deviations are caused by: (1) the presence of the 
holes (Hz, Hs and Hy, of Fig. 1) in the ring; (2) the possibility of new fluid 
issuing from these holes during testing; (3) the presence of excess fluid 
in the shape of ill-defined rings above and below the annular surfaces (M 
and N of Fig. 1); and (4) the vertical descent of fluid through the annulus 
under gravity. 

The effect of the holes in the ring, and especially the effect of fluid 
issuing slowly therefrom, has not been fully verified. However, the experi- 
mental data pertaining to the paint tested (Table I and Fig. 3) suggest 
that these effects are negligible; for in some of the runs, fluid was supplied 
continuously during the runs, but in other runs fluid was supplied before 
and not during the run, but no difference in stress could be detected within 
the limits of accuracy previously discussed. 

The presence of the excess fluid accumulating above the annulus formed 
by the cup and ring is believed to have a negligible effect on the evaluation 
of true shearing stress. In several experiments fluid was intentionally al- 
lowed to accumulate to a depth of about 4 gth of an inch; the torque then 
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measured was substantially the same as at the outset of the experiment 
when fluid had just appeared at the top of the annulus. Visual examination 
of this supernatant layer of fluid during rotation revealed a gradual and 
slow change in radial velocity from the cup to the ring. It is supposed that 
the maximum velocity gradient established in this fluid, lacking the con- 
finement imposed by the annular boundary surfaces, is relatively small 
compared with that in the annulus proper, and that the shearing force as- 
sociated with this supernatant liquid is negligible, owing first to the low 
gradient in it and second to its relatively small shearing area with respect 
to the annular area of shear (Kq. [2]). The effect of fluid accumulation at 
the bottom of the annulus is believed to be even less important, since during 
rotation of the viscometer centrifugal force tends to drive the liquid 
against the sharp edge of the ring (Fig. 1) from which it appears to fall 
cleanly away. 

The disturbance to flow occasioned by descent of the fluid under gravity 
deserves some attention. For the purpose of estimating the velocity of 
descent, a Newtonian fluid is assumed, having a viscosity 9 of 50 c.p. 
(0.5 poise), density 1.0, and corresponding specific weight y of 980 dynes 
per cubic centimeter. As an approximation, it is assumed that the annulus 
of the viscometer may be replaced by two parallel vertical planes, separated 
by a distance D, D equal to r, — r, or 0.0153 cm., and of height /, | being 
2.54 cm. in this case. One may now compute [7] the maximum velocity of 
descent of the fluid, Vo, occurring midway between the boundary planes, as: 


Vo. =-— (7| 


From the values given above, Vo is found to be 0.0574 cm. per second, 
and the average velocity of descent V, equal to 24 Vo, is 0.0383 cm. per 
second. At the midplane of the annulus, where the vertical velocity of 
an element of fluid is a maximum, the peripheral velocity of the same 
element at a low rotational speed of 0.3383 r.p.s. (D = 433 sec.') is ap- 
proximately 3.3 em. per second. This element of fluid thus will describe 
a helical path, the angle of whose pitch is sin (0.0574/3.33) or about LO. 
For all elements of fluid lying between the annular boundary walls the 
angle of descent during rotation of the viscometer is of the same order of 
magnitude, and the angle would evidently decrease at higher rotational 
speeds. It is tentatively assumed, therefore, that the error in the determina- 
tion of shearing stress owing to vertical descent of the fluid is negligible. 


Transition from Laminar to Turbulent Flow 


Barr (6) proposes a modified Reynolds number for predicting onset of 
turbulent flow in an ideal coaxial cylinder viscometer in which the inner 
cylinder is rotated, the other being stationary, and in which the annular 
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clearance is a small percentage of the radius of either cylinder. Translating 
Barr’s equation into the nomenclature of this article, one finds that tur- 
bulent flow is predicted when 


3 2n72 
Totr re) te re [8] 
n 


For the equation to be dimensionless, r, and r, are in centimeters, 
density p in grams per cubic centimeter, 7 in poises, and the rotational speed 
N in second-!. Assuming an average density for all fluids of 1.0, one finds 
for the viscometer herein described that N > 1950 7 for onset of turbu- 
lent flow. 

Given-a fiuid of 50 ¢.p. viscosity (0.5 poise), it is seen that a mechanically 
unattainable value of 975 r.p.s. is predicted. The maximum rotational 
velocity employed in the tests reported was 5.14 r.p.s. 

Barr’s equation, equivalent to the square of a Reynolds number, is 
found to be reducible to: 


DV mex. P + 599 [9] 
n 


in which D = clearance between surfaces (r, — 7,), and Vmax. = maximum 
linear velocity of fluid (next to rotating cup) = 2mr, X N. 
For the case of free, unidirectional flow of a fluid over a flat plate, onset 
of turbulence is predicted (7) for: 
Ue Od] 
D Vass. > 500 [10] 
n 
in which D’ is thickness of layer and V'max. is velocity of free surface. 
As the coaxial cylinder viscometer may be reduced to this case in the 
limit, comparison of Eq. [9] with Eq. [10] verifies the correctness of Barr’s 
equation at least in order of magnitude. 
It is therefore concluded that under conditions of practicably obtainable 
speeds of rotation, with fluids having viscosities appropriate for testing 
in this viscometer, turbulent flow is not possible. 


SUMMARY 


1. A viscometer has been described by which it is possible to measure 
essentially point values of velocity gradient and shearing stress. Gradients 
of at least 6690 sec.! may be obtained, and a fluid of 9000 c.p. viscosity 
has been measured. The viscometer is operable with any fluid, gelled or 
otherwise, which may be introduced through the pressure-feeding syringe, 
providing its viscosity is around 50 ¢.p. or greater. 

2. Experimental data are presented for calibrating fluids, which confirm 
the validity of design of the viscometer. 
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3. Illustrative of the practical use of the viscometer, the experimentally 
determined flow characteristics of a commer cial mean and a commercial 
varnish are presented. 

4. Typical data are presented to indicate the over-all accuracy of 
determinations with the viscometer. 

5. Temperature rise of the fluid during test, surface tension effects, 
flow patterns, and the Reynolds number criterion are discussed. 


ACKNOWLEDGMENTS 


The author wishes to express his gratitude for generous help and advice in the con- 
struction of this viscometer to Professor Harold H. Weber, Mr. Henry Chasen, and 
Mr. Harry Archibald; to Professor Warren K. Lewis for his critical review of the 
manuscript and his valuable suggestions; to Mr. H. H. Carter for preparation of the 
drawings; all of the Chemical Engineering Department of the Massachusetts Insti- 
tute of Technology. 


REFERENCES 


1. Aurrey, T., Mechanical Behavior of High Polymers, p. 41. Interscience Pub- 
lishers, New York, 1948. 

2. A.S.T.M. Symposium on Methods of Measuring Viscosity at High Rates of Shear, 
Tech. Pub. No. 111 (1949-1950). 


3. AsBeck, W. K., Larperman, D. D., anp Van Loo, M., J. Colloid Sct. 7, 306 (1952). 

2°Hurn, Ho EH, Ha Colloid Sci. 7, 316 (1952). 

5. Gremn, H., ine Eng. Chem., Anal. Ed. 14, 576 (1942). 

6. Barr, G., A Monograph of Viscometry, p. 224. Oxford University Press, London, 
1931. 

7. Rouss, H., anp Howsn, J. W., Basic Mechanics of Fluids, pp. 118, 129. John Wiley 


and Sons, New York, 1953. 


ELECTROOSMOSIS AND STREAMING IN NATURAL AND 
SYNTHETIC FIBERS 


G. J. Biefer! and S. G. Mason 


Pulp and Paper Research Institute of Canada, McGill University, Montreal, Canada 
Received June 9, 1983 


List oF SYMBOLS 


cross-sectional area of porous pad. 
concentration wt./vol. of pad. 
dielectric constant of flowing liquid. 
applied electroosmotic potential. 
volume rate of electroosmotic flow. 
stream current. 

permeability coefficient. 

length (of pad, capillary, air bubble). 
pressure drop causing flow. 

volume rate of viscous flow. 

radius (of capillary, pore, fiber). 
electrical resistance of pad. 
velocity. 

stream potential. 

film thickness. 

specific volume of solid. 

equivalent thickness of electrical double layer. 
electrokinetic potential. 

viscosity of flowing liquid. 

surface tension. 

surface area per unit mass of fibers. 
permeability. 
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INTRODUCTION 


In an investigation of the electrokinetic properties of compressed pads 
of cotton fibers, Goring and Mason (1) found that the ratio of the electro- 
osmotic function to the stream potential function, expressed as 


Se _ FnlL/ED 


fs Vnl/pDR’ ss 
in which the symbols have their usual meanings in this connection, varied 
from 1.2 to 1.5 over a range of increasing pad concentrations. According 
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to the conventional theory of electrokinetic flow through porous plugs (2) 
or the alternative hypothesis advanced for the case of plugs of highly 
‘swollen fibers (8), the ratio should be unity. 

Equation [1] has been confirmed experimentally by measurements on a 
clay diaphragm (4), single glass capillaries (5), and beds of powdered glass 
(6). Kanamaru (3), however, found a ratio of as low as 0.4 for pads of 
cellulose and cellulose acetate. All of the measurements cited above includ- 
ing those of reference (1) were made in the presence of dilute aqueous elec- 
trolytes. Rutgers and de Smet (7) have recently investigated streaming 
and electroosmosis of solutions of tetra-iso-amyl ammonium picrate in 
dioxane-water and benzene-acetone mixtures through single glass capil- 
laries; £z/s ranged from 0.9 to 2.3 and increased with the applied electro- 
osmotic potential H. 

In view of these discrepancies, it was considered to be of interest to de- 
termine whether the results with cotton were due to imperfections in the 
electrokinetic theory when applied to fibrous materials or were due to 
faulty experimental methods. A comparison was made of the electrokinetic 
effects of streaming and electroosmosis over a wide range of fiber concen- 
trations for swelling (cellulose), slightly swelling (cellulose acetate) and 
nonswelling (glass) fibers. In the streaming measurements, the stream cur- 
rent function JnL/pD rather than the stream potential function was deter- 
mined since, as has been shown previously (8), it can be determined more 
conveniently and with less error. The precision of the measurements re- 
ported here is high for measurements of this type; ¢» and ¢s were found to 
be in excellent accord. 


EXPERIMENTAL METHODS 
Materials 


The following materials were used: 

1. Bleached unbeaten softwood sulfite pulp. 

2. Cotton, from a roll of Parke-Davis absorbent cotton. 

- 8. Cellulose acetate. The material (Canadian Celanese Ltd.) was 3 denier 
(20 u diameter) staple having an acetyl value of 54. 

4. Glass fiber. Two types were used: Owens-Corning Aerocor. 2.5 
diameter staple, and a sample of 0.5 » diameter staple obtained from Glass 
Fibers Inc., Toledo, Ohio. 

The long-fibered samples were chopped in a Wiley mill and, in most 
cases, fines were removed by wet screening over a 150-mesh screen. 


_The High-Compression Stream Current and Electroosmotic Cell 


The electrokinetic measurements were made in a compression-type cell 
with reversible electrodes similar in principle to that described by Goring 
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and Mason (8) but designed to allow compression of the fiber pads to higher 
concentrations. A partial view of the cell is shown in Fig. 1. The body was 
of heavy-wall pyrex tubing of internal cross-sectional area 5.00 cm.’. The 
reversible silver/silver chloride electrodes fitted snugly into the cell, and 
each was attached to a 14 in. O.D. heavy-wall pyrex tube with a liquid- 
tight seal. A series of /¢ in. diameter holes drilled through each electrode 
permitted liquid to flow freely through the electrode to the annulus be- 
tween the inner and outer glass tubes. Electrical connection was provided 
by a silver bus bar which was fused to the back of the electrode and run 
through the inner glass tube. 

When assembled, each electrode mounting was inserted in the cell 
through a rubber stopper. The cell was clamped in a wooden frame between 
two parallel threaded steel tie rods with wing nuts. Brass plates which 
fitted over the steel rods could be brought against the bakelite inserts at 
the ends of the electrode mountings, and wing nuts could be tightened 
against the brass plates to apply pressure to the material between the elec- 
trodes. ; 

The rugged construction of both cell and electrodes made it possible to 
apply relatively high compression to the material between the electrodes 
without danger of breakage. 

The silver electrodes were chloridized at 3 ma./em.” for 24% hours, as 
previously described (8). 


Pad Formation 


Before forming a pad, the fiber was repeatedly washed in distilled wa- 
ter over a period of 24 hours. It was then soaked in a solution of 
2.5 X 10° N KCl, the electrolyte used in all measurements. 

To form the pad, the compression cell was clamped vertically, with the 
lower electrode in position. The suspension of fibers was formed into a pad 
by filtration through the electrode. The cell was then assembled, and the 
pad deaerated (1). 

The solution used in each set of measurements was freshly prepared from 
deaerated distilled water. To establish sorption equilibrium of the electro- 


lyte in the pad, the system was thoroughly flushed with the solution a 
number of times. 


Fig. 1. Partial view of the high compression stream current and electroosmotic cell. 
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Having direct contact between the electrode face and the pad was a 
departure from earlier procedure. Goring and Mason (1) reported a decay 
of both stream potential and permeability with prolonged liquid flow 
through a pad when this was done, and had eliminated this effect by inter- 
posing several layers of plastic mesh between the electrode and the pad. 

Two sources of error arise from the use of the mesh. Since the mesh is 
compressible, there is an uncertain correction to the measured pad length. 
Secondly, there is the equally indeterminate electrical resistance of the 
mesh space, which must be added to the resistance of the galvanometer 
when it is necessary to correct the stream current for leak-back through the 
pad. 

In the present investigation decay was reduced by removing fines from 
the chopped fibers and was never significant. 


Stream Current and Permeability Measurements 


Stream current and permeability measurements were carried out as be- 
fore (8), at an operating pressure of about 40 cm. of water. The measured 
stream current was corrected for the residual electrode polarization cur- 
rent. The current leak-back (8) was negligible, and no corrections for this 
effect were necessary. The constancy of the electrolyte concentration was 
checked by measuring the conductivity of the effluent solution in a flow- 
type conductance cell included in the liquid outlet line. The values of and 
D used were those of water. 


Electroosmotic Flow Measurements 


For the electroosmotic flow a calibrated capillary (2.464 mm. I.D, x 33 
cm. long) was connected in parallel with the cell and a potential difference 
applied across the electrodes; the rate of movement of an air bubble in the 
capillary gave Fons. - 

Several sources of error were eliminated by the use of reversible elec- 
trodes directly in contact with the pad. In the earlier measurements of 
Goring and Mason (1), the pad was held in a lucite cell between perforated 
lucite end pieces, and the potential was applied to platinum electrodes 
which were separated from the pad. # was calculated from the measured 
current and the pad resistance, the latter being measured separately by the 
insertion of auxiliary electrodes. Difficulties were encountered owing to 
evolution of gas at the electrodes. 

In the present apparatus there was no evolution of gas at the reversible 
electrodes, and Z was measured directly with a calibrated voltmeter. Elec- 
trode polarization at the end of each electroosmotic run was removed by 
reversing the potential for the same length of time, and then running 25-50 
ml. of solution through the pad. 

Goring and Mason (1) found a rather large “capillary electroosmosis,” 
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i.e., movement of the bubble without a pad in the cell, and corrected for 
ae effect. In the cell used in the present experiments it was insignificant 
and no correction was necessary. 

The electroosmotic leak-back through the pad, resulting tet the ap- 
preciable resistance to flow in the capillary, was allowed for as follows. 
Using the quantity 


= Qn/p [2] 


as a measure of liquid permeability where Q is the rate of viscous flow of a 
fluid of viscosity 7, under a pressure head p, the true rate of electroosmotic 
flow was calculated from 


F = Foy. (1 + p/¢c) [3] 


where the subscripts p and c designate the pad and capillary, respectively. 

The quantity ¢, was obtained directly from the permeability measure- 
ments. For the capillary, this proved less practical. At ordinary operating 
pressures, turbulent flow occurred, yielding spuriously low values of ¢, . 
Viscous flow took place at p < 2 cm. water, where the accuracy of measure- 
ment was poor. In the initial treatment of the experimental data, ¢, was 
calculated from the Poiseuille equation, using the capillary dimensions and 
neglecting entrance and exit losses which calculation showed to be insig- 
nificant. It will be seen that this procedure led to erroneous results in cer- 
tain instances. 


RESULTS 


Comparison of Electroosmotic and Stream Current Functions 


Pads of various materials were compressed in stages between the elec- 
trodes. The quantities 7, ¢, , and F4s. were determined at each pad con- 
centration c; ¢ was calculated from the pad length (measured by means of 
a travelling microscope), the cross-sectional area of the cell, and the sub- 
sequently measured dry weight of the pad. 

Figure 2 shows a series of values of 


Fn / Ink 


f2/fs = ED pD [4] 


for various materials at different pad concentrations, using the Poiseuille 
value for ¢, in correcting F.bs. . 

The ratio ¢/{s was close to unity except with the cotton and acetate 
pads, where it dropped significantly at low pad concentrations. The experi- 
mental values for acetate rayon, for which the discrepancy between the 

stream current and electroosmotic functions is greatest, are given in Table I. 

A result of particular interest, which is discussed later, was obtained 
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Fic. 2. Sz/fg as a function of pad concentration (c) for various fibers, using the 
Poiseuille correction for ¢<. 


TABLE I 


Measurements of Stream Current and Electroosmotic Flow. Acetate Fibers in 
2X 10-§ N KCl 


ae G2 te MOA means Olean sy) eS teks’ 
0.114 48 14.72 20.20 0.86 1.01 
0.137 40.5 13.94 19.20 0.83 95 
0.176 30.8 14.20 17.30 0.91 1.00 
0.216 23.6 12.70 15.40 0.90 98 
0.257 17.85 11.83 13.50 0.93 1.00 
0.294 13.75 10.57 12.00 0.92 97 
0.334 10.50 9.54 10.40 0.95 99 
0.375 7.95 8.50 9.00 0.97 1.00 
0.410 6.10 7.83 7.85 1.02 1.04 
0.453 4.50 6.50 6.75 0.98 1.00 


* Using Poiseuille value for ¢p. 
’ Corrected for bubble effect as described later. 


with the 0.5-» glass fibers. Here ’nL/ED and InL/pD showed good agree- 
ment (Fig. 3) at pad concentrations as low as 0.9 per cent by volume. 

The cotton and acetate pads had higher permeabilities (¢,) than the 
sulfite and glass pads at corresponding pad concentrations. This suggested 
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(k,2)4 cgs. units x 10% 


te} 0:08 0-16 0:24 


C qgm./cc 
Fra. 3. Stream current (solid circles) and electroosmotic functions (open circles) 


for 0.5-u glass wool. The triangular points are calculated from ¢p as described in Dis- 
cussion. 


an error in the correction for electroosmotic leak-back through the pad 
given by Eq. [8], since this correction increases with increasing ¢p . 

In the electroosmotic measurements, the following additional effects 
were noted: 

1. Values of F.ps. varied with the bubble size in the capillary flowmeter. 
In a series of preliminary measurements carried out on the 2.5-y glass fiber, 
a maximum was found at a bubble length of 3 mm.; this bubble length was 
employed in all the measurements reported above. 

2. At all pad concentrations, ’nL/EHD was found to increase with in- 
creasing E’, and appeared to approach a plateau value. The measure nents 
given above were made at potentials of 45 to 90 volts where F/# did not 
change with EH. 

The experiments described in the following sections indicate that these 
anomalies were due'to an unexpected effect of the air bubble in the capillary 
flowmeter which yielded spuriously low values of F. 


Influence of Bubble Length on F 


To ascertain whether the low values of £2/¢s at high pad permeabilities 
and the variation of FyL/ED with bubble length were related effects, a 
series of measurements was made on a pad of acetate at three solid concen- 
trations. © 

The results obtained appear in Fig. 4, which includes the observations 
on the 2.5-u glass fiber. The horizontal lines represent the value of InL/pD, 
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BUBBLE LENGTH, mm. 


Fig. 4. Electroosmosis at various bubble lengths for an acetate pad at pad perme- 
abilities ¢p of 80.1 X 10-8 (curve 1), 21.2 X 10-8 (curve 2), and 5.05 X 10-8 (curve 3) 
cc., and for a 2.5-u glass fiber pad of ¢p = 26.5 X 10-8 ce. (curve 4). The horizontal 
lines show the corresponding stream current functions. 


and the points show the corresponding values of FnL/ED at different 
bubble lengths. 

It is seen that the two effects are found together, and that they are re- 
lated to the permeability of the pad. At the highest ¢, , a maximum electro- 
osmotic flow rate was found at a bubble length of 2.4 mm. FnL/ED was 
20-35 % below InL/pD. At the intermediate ¢, the dependence of electro- 
osmotic flow rate on bubble length was greatly diminished, and FnL/ED 
fell below InL/pD by 5-10 %. At the lowest ¢, the electroosmotic flow rate 
was independent of bubble length from 2.7 to 8.5 mm., and FnL/ED was 
equal to [nL/pD within the experimental error. 

The decrease of /nL/ED occurring at bubble lengths less than 2.4 mm. 
is readily explained. The internal diameter of the capillary was 2.464 mm.; 
this was the shortest bubble length which still maintained “‘contact”’ with 
the walls of the horizontal capillary. At bubble lengths below 2.4 mm., 
there was a visible gap between the bottom of the bubble and the capillary 
wall. It is conceivable that flowing liquid could pass under the bubble, giving 
too low a value for F. Analytically, this is equivalent to decreasing the ap- 
parent permeability of the capillary used in Eq. [8]. 

The decrease in FnL/ED at bubble lengths greater than 2.4 mm. is at- 
tributed to a real decrease in capillary permeability due to the bubble it- 
self. Values of ¢, were calculated on this assumption from the data obtained 
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TABLE II 
Calculated ¢. at Various Bubble Lengths for Acetate Fibers 
c = 0.070 g./cce. 
On Ole 10 ee, 
InL/pD = 21.50 mv.cm.? 


Calculated film thickness (x) 
Bubble velocit ge aes 
Sa sears "(Gn eeye ‘ (cc. X 108) From Eq. [5] From Eq. [7] 

(u) (u) 
0 _ 274¢ 
2.4 0.203 144 362 3.6 
3.1 0.200 141 3.2 3.1 
3.8 0.196 132 3.2 3.3 
6.0 0.159 86 2.9 2.6 


@ Poiseuille value. 


on the acetate pad of lowest concentration (Fig. 4), where the leak-back 
flow was largest. These are given in Table II, where it is seen that ¢, de- 
creases with bubble length and is from 14 to 14 of the Poiseuille value. 


Bubble Resistance 


The pronounced effect of the air bubble on the permeability of the capil- 
lary was unexpected. It can be explained as follows. 

From measurements of bubble velocity and liquid flow, Fairbrother and 
Stubbs (9) concluded that there is a film of liquid between the moving 
bubble and the walls of the capillary whose thickness z is given empirically 
by 


= te, /u 
Tene U5] 


r, being the radius of the capillary, u the bubble velocity, and \ the surface 
tension of the liquid, all in ¢.g.s. units. The existence of a film around a 
bubble moving through a capillary has also been demonstrated by elec- 
trical conductivity measurements (10). 

The hydraulic resistance of the bubble can be calculated by assuming 
that it moves as a solid plug, i.e., that the velocity gradient is confined to 
the film around the bubble and is zero inside the bubble. This assumption 
appears to be justified by Garner’s observation that in free sedimentation 
of fluid drops at low Reynolds numbers, the expected velocity gradients 
inside the drops are absent (12). 

If we assume further that the bubble is cylindrical and that x/r. is 
small, it is readily shown that at equilibrium flow 


pat 2QnLe 
eer 8x ne [6] 
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where pz is the pressure drop across the bubble and L; is the length of the 
bubble. 

Adding to Eq. [6] the pressure drop in the remainder of the capillary of 
length L, calculated from the Poiseuille equation, the total pressure drop 
becomes 


— 2QnLe , 8QnL. 


Trex mre ” 


and the permeability is given by 


rr? 


es ( a) (7 


x Te 


Substituting for x from Eq. [5], this becomes 


TT! 


ot ay ae Ne [8] 


4 (Le / & + 2s) 


It follows from Eq. [8] that ¢, (1) is lower than the Poiseuille value; (2) 
decreases with increasing bubble length; and (8) increases with increasing 
bubble velocity. 

Values of the film thickness x calculated from values of ¢, using Eq. [7] 
have been included in Table II for comparison with those calculated from 
the measured bubble velocity using Fairbrother and Stubbs’ empirical 
relation (Eq. [5]). Despite the indirect method of arriving at experimental 
wvalues of ¢, , the agreement is remarkably good. 

The reality of the bubble resistance was confirmed by a simple experi- 
ment. A reservoir of water was connected to a capillary tube 2 mm. I.D. 
inclined slightly from the horizontal. Water from the reservoir was blown 
into the capillary, and the time (¢) taken, after release of pressure, for the 
meniscus to travel between two fixed points 40 cm. apart was measured. 
This was also done with air bubbles of various lengths in the capillary, in 
each case shifting the two reference marks upwards along the capillary by 
the length of the bubble, so that the effective hydrostatic head was at least 
as great as without a bubble. A typical set of measurements is shown in 


TABLE III 
Time of Descent at Fixed Inclination 
Bubble length t 
(mm.) (sec.) 
0 18.1 
5.0 22.9 
8.0 30.3 
14.5 50.4 
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TABLE IV 
Time of Descent at Fixed Bubble Length 
Time emo. 
: Without bubble t | With bubble é | t 

(sec.) (sec.) 
73.4 159 1.16 
54.7 112.3 1.07 
53.0 | 110.5 1.09 
37.6 75.7 1.01 
Sonn 61.8 .87 
26.2 46.8 .79 
17.9 29.3 .64 
17.5 26.3 .50 
15.6 23.0 47 


Table III. ¢, , which is proportional to f ', decreases with increasing bubble 
length. 

Similar measurements were carried out at a bubble length of 7.5 mm., 
the inclination of the capillary being varied to change uw. The results, ar- 
ranged in increasing order of uin Table IV, show that the resistance of the 
bubble, expressed as (t, — t)/t, decreases as the bubble velocity is increased. 


Effect of Electroosmotic Potential 


The increase in F45. nL/ED to a constant value at higher potentials, 
mentioned earlier, occurred at all pad concentrations and all bubble lengths. 


The effect is illustrated in Table V for the highly permeable acetate pad, | 


using a 3-mm. bubble. 
It is clear from the foregoing considerations that this is caused by the 
increase in ¢, at increasing bubble velocities. Values of ¢, calculated as 


TABLE V 
Variation of Observed Electroosmotic Rate of Acetate Fibers with Applied Potential 
c = 0.070 g./ce. Ly, = 3.0 mm. 
gp = 80.1 X 10-8 ce. InL/pD = 21.55 mv.cm.? 
E | u | Rope: mL/ED | be : 
(volts) (cm./sec.) | (mv. cm.?) (ce. XK 108) ee Eq. [5] { From Eq. [7] 
; bevel (u) | () 
24.0 | 0.081 12.48 | 109 13 1.8 
48.0 | 0.068 | 13.48 | 133 | 1.9 2.6 
69.6 | 0.101 | 13.79 | 141 | Pee 2.9 
92.3 | 0.136 14.02 | 149 | eel 3.3 
115.8 0.173 14.18. oo] = cot ene 3.4 
138 .2 0.209 | 14.30 | 157 Be 3.7 
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TABLE VI 
Summary of Values of ¢z/ts for Various Fibers Corrected for Bubble Effect 


Fiber Lee a & Number of c’s Mean ¢77/f5 
Glass (GOnn pee erect oe eee en re 0.02-0.26 9 0.975 
SHititewerer rene. freee lok bk ee 0.09-0.16 uf 1.010 
COMBO, oo On Oe ee er 0.17-0.438 9 0.980 
ENEGLALO We Eien jks ds ene ee Re 0.11-0.45 10 0.994 
ICR AE ee antite Sieen ea cheat 0.990 


before from the observed data in Table V yield film thicknesses which are 
in reasonable agreement with those calculated directly from the bubble 
velocity, using Eq. [5]. 

At very low F’s (<10~° cc./sec.) the bubble moved erratically; this is 
further evidence of the influence of the bubble, since at these low velocities 
x — 0, and the well-known Jamin effect of hysteresis in contact angle (11) 
becomes operative. 


Correction for Bubble Effect 


Values of ¢«/¢s for the acetate pad, using electroosmotic functions cor- 
rected for the bubble effect by calculating ¢, from F'45. using Eq. [8], are 
given in the last column of Table I. This has also been done for the remain- 
ing pads of Fig. 2, and the data summarized in Table VI. The mean of 
0.990 for ¢/z£s isconsidered to show excellent agreement between theelectro- 
‘osmotic and stream current functions. 


Electroosmotic Pressure 


Since all the discrepancies in electroosmosis experiments are attributable 
to the air bubble, it was considered to be of interest to conduct some 
measurements without a bubble. This was done by eliminating the capil- 
lary bypass and substituting a differential manometer of 1 mm. I.D. Upon 
application of a potential across the electrodes, the electroosmotic flow 
caused a pressure to build up across the pad; this pressure increased until 
the equilibrium value pz was reached at which the leak-back flow through 
the pad was equal, and opposite, to F. 

Under these conditions, F = ¢,pz/n; and hence, the following relation- 
ship should apply: . 
Pebpl = InL [9] 

ED pD ° 


The capillary manometer was used to minimize the volume of liquid 
transported in establishing equilibrium and thus reduce electrode polariza- 
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TABLE VII 
Electroosmotic Pressure with Acetate Fibers 
c = 0.458 g./ce. 
op = 3.87 X 10-8 ce. 
InL/pD = 5.35 mv.em.? 
etek Zs 3 E Eb pL/ED 

(volts) (cm. H20) (mv. cm.*) 
137.6 4.84 Daa 
114.0 4.00 5.70 
91.3 3.15 5.65 
69.0 2.48 5.85 
45.4 1.61 5.80 


22.7 0.80 5.75 


tion; however, temperature fluctuations in the system caused the liquid 
in both manometric arms to move simultaneously, rendering it difficult to | 
determine pz with precision. Furthermore, it was found that on reversing 
the potential, px was substantially reduced; this may have been due to 
electrode polarization, changes in electrolyte concentration inside the pad, 
or a directional change in ¢, , but no cause could be definitely assigned. 

A set of measurements on a pad of acetate on which the stream current 
function and ¢, were also determined is given in Table VII; pz¢,L/ED was 
constant over the range of potentials applied. However, it was 10% higher 
than InL/pD. The results are too fragmentary to account for this differ- 
ence, but it is probably related to the hysteresis in pz on reversing the po- 
tential. 


DIScUSSION 


When proper corrections are made for leak-back, ¢2/fs = 1 for swelling 
and nonswelling systems. Discrepancies noted by other workers, e.g., 
Rutgers and de Smet (7), may have been caused by overlooking electro- 
osmotic leak-back. The discrepancy (1) leading to the present investigation 
appears to have been caused by overlooking the leak-back through the 
capillary when correcting the capillary electroosmosis. When the data are 
recalculated to allow for this effect, which is superimposed upon the leak- 
back through the pad, ¢» and ¢s show much closer agreement. As noted 
earlier there was no capillary electroosmosis in the all-glass system used in 
the present experiments. 

The experimental data given here cover a wide range of pore sizes through 
which flow occurs. The order of magnitude of the pore radius r, in the 
fiber pads can be calculated from the Eq. [8] 


_ 21 — ae) 
ac 


lp 
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TABLE VIII 
Minimum and Maximum Dimensions in Glass and Acetate Pads 
6 = 680 A. 
ae Hae Tose 
Fiber id |_| —___ —- |——_______ — 
2) Max. Min. 


eee , 
(g./éc.) | (gifce:) Max. Min. Max. Min. 


CHER 5 Soe ee ae eee ee 0.5 0.022 | 0.263 | 113 8. 830 62 
1.20 | 1150 | 175 


5 
ANGOTIES KEG cot crates oe eee 10 0.114 | 0.453 Gas |) aher4 


where a is the specific volume and o the surface area per unit mass of fibers. 
For fibers of radius 7; , o = 2a/r; and 

Sh ae IES [10] 

ac 

For 0.5-u glass fiber and acetate pads the ratio r,/r; , calculated from Eq. 
[10], varied from 1.2 to 113 (Table VIII). Despite the low ionic strength, 
the equivalent double layer thickness 6 was always small compared to 
rp , 8o that no complications arise from interpenetration of the double 
layers. 

In electrically induced flow (electroosmosis) the liquid phase moves as 
a “plug,” the entire velocity gradient being concentrated at the solid sur- 
face in a layer of the same order of thickness as the diffuse electrical layer. 
In hydraulically induced flow (streaming), on the other hand, the gradient 
_ decreases linearly with distance from the wall, becoming zero towards the 
center of the channel. According to the conventional electrokinetic theory, 
¢ is the potential difference between the surface of zero liquid velocity and 
the bulk liquid. Whether or not this surface is coincident with the solid 
surface is'a matter of speculation (13, 2). In any event, the equivalence 
of fz and ¢z is evidence that the surfaces of zero slip are the same for the 
two types of flow through the complex network of the fiber pads. 

In this connection the results obtained with the 0.5-u glass fibers are of 
interest. The maximum solid fraction to which the pad could be compressed 
was, unlike sulfite, cotton, and acetate pads, well below the range of appli- 
cability of the Kozeny-Carman equation (15). In the valid range of this 
equation a plot of (Ke’)"” against pad concentration ¢ yields a straight 
line of negative slope (14, 1). K is the permeability coefficient calculated 
from 

— vel 
A 


where A is the cross-sectional area of the pad. The plot for glass fibers, 
shown in Fig. 3, passes through a maximum and has a positive slope at 


low c’s. 
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The increase in absolute value of the slope at solid fractions less than 
0.2 (0.5 g./ce. of glass) is well known (14, 15). An increase, but not a re- 
versal in sign, of the slope is predictable from Emersleben’s theoretical 
treatment of viscous flow in the direction of the axes through an assembly 
of parallel cylinders (16). 

The behavior noted here is in agreement with an equation derived by 
Brinkman (17) from a consideration of the viscous force exerted by a flow- 
ing liquid on a swarm of separated spherical particles, as an extension of 
Stokes law for a single particle. In the notation used here, Brinkman’s 
equation takes the form 


21 + % ae (1 = = (1a) 


oa 


ae 


At solid fractions (ac) greater than 0.2 this equation yields numerical values 
of K substantially the same as the Kozeny-Carman equation (15). It is read- 
ily shown that Eq. [11] predicts a maximum in (Ke’)"” at ac ~ 0.13 and a 
positive slope at lower solid fractions. 

This is somewhat higher than the value observed in the present experi- 
ments (ac ~ 0.06), but this difference may be attributable to differences 
in particle shape for the two cases. 

Thus at low pad concentrations the conditions approach those of elec- 
trophoresis, 7.e., the electrically induced movement of free particles against 
the Stokes resistance. In view of the equality of FnL/ED and InL/pD, 
this is strong evidence of the equivalence of the electrophoretic function 


(unL/ED, where u is the electrophoretic velocity in a field of strength | 


E/L), the electroosmotic, and the stream current function, as is predicted 
from the conventional theory of electrokinetic phenomena (2). 


SUMMARY 


A critical comparison of the electroosmotic flow rate and stream current 
over a wide range of solid concentrations was made using softwood bleached 
sulfite, cotton, cellulose acetate, and glass fibers in the presence of 2.5 X 
10°’ N KCL. ¢% showed good agreement with ¢; with the sulfite and glass 
fibers, but was lower than ¢s for the cotton and acetate fibers. It was also 
found that the electroosmotic flow rate F was not directly proportional 
to the applied potential at low values of F. It was shown conclusively that 
the discrepancy was due to the unexpectedly large effect of the air bubble 
in the capillary flowmeter in resisting electroosmotic flow. When allowance 
is made for the bubble effect, F is independent of the applied potential and 
Sz and ¢s agree within 1%. A series of measurements of electroosmotic 
pressures is reported. 


With the glass fibers, agreement between ¢, and és was obtained at solid 


| 
| 
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fractions as low as 0.009, in a region where the resistance to flow of fluid 
approaches the Stokes resistance of single particles. This is taken to be 
evidence of an equivalence of the electroosmotic, electrophoretic, and 
streaming functions. 


Le 
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INTRODUCTION 


Owing to the difficulties of obtaining pure hyaluronic acid preparations, 


only slight attention has been paid to the physicochemical data of this 
substance (1, 2, 3). In spite of these purity difficulties we have made a 
streaming dielectric (4) investigation of hyaluronic acid. This was done 
primarily in order to throw light on the question of how to interpret dielec- 
tric data of macromolecular solutions rather than with the intention of 
describing the properties of hyaluronic acid as a macromolecular substance. 


EXPERIMENTAL 


We have investigated two preparations of sodium hyaluronate from 
human navel cord prepared by the chloroform-amylalcohol method ac- 
cording to Blix and Snellman (1). The first preparation (prep. A) contained 
41.7% glucoseamine and 2.8% protein impurity (calculated as nonglu- 
coseamine nitrogen X 6.25). In order to obtain the second preparation 


(prep. B) in the most viscous form possible, it was shaken with the chloro- 


form-amylalcohol only four times, each time for about 12 hr. Otherwise, 
it had the same treatment as the first one. It contained 33.0 % glucoseamine, 
0.9% galactoseamine, and 13.1% protein impurities. 

The intrinsic viscosity in m/15 phosphate buffer at pH 7.0 was 2.4 for 
prep. A and 49 for prep. B. If one uses the values of Blix and Snellman 
(1) for molecular length as a function of intrinsic viscosity one finds the 
molecular length to be about 1400 A. for prep. A and about 25,000 A. for 
prep. B. This value for prep. B, however, involves a very large extrapola- 
tion. The corresponding molecular weights would be about 64,000 and 
1,300,000, calculated by the method of Blix and Snellman (1). 

Solutions containing 0.1 g. sodium hyaluronate per milliliter solution 
were dialyzed at 4°C. three times with distilled water for about 4 hr. each 
time. The solutions were then diluted to the desired concentrations and 
measurements made immediately in the streaming dielectric apparatus 
previously described (4). The dielectric constant and the conductance of 
the solutions were studied at frequencies between 0.1 and 7 Me. at 20°C. 
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_ [Fia. 1. Dielectric constant and conductance at 0.2 Mc. and 20°C. for sodium hy- 
aluronate solutions. Electric field perpendicular to stream lines. Concentration in 
grams per 100 ml. solution. G, is the critical velocity gradient for laminar flow. 


During measurements the solutions were subjected to velocity gradients 
from 0 to 10,000 sec.—! when the electric field was perpendicular to the 
stream lines, and 0 to 3,600 sec.—! when the fields were mainly parallel. 


RESULTS 


Typical results are given in the adjoining figures. The dielectric incre- 
ment per gram hyaluronic acid per liter was 11 for prep. A and 35 for prep. 
B at low frequencies and zero velocity gradient. The increment was a linear 
function of the concentration only at small concentrations. No streaming 
dielectric effect, viz., a change of dielectric constant or conductance with 
the velocity gradient, could be observed for any solution of prep. A. A 
small streaming dielectric effect was obtained for solutions of prep. B. 
These solutions were highly thixotropic. When the electric field was per- 
pendicular to the stream lines, and thus also perpendicular to the orienta- 
tion of the macromolecules, both the dielectric constant and the conduct- 
ance decreased slightly with increasing velocity gradient at frequencies 
below 1 Me. At high velocity gradients a saturation value is approached. 
When the electric field was mainly parallel to the stream lines the dielectric 
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Fic. 2. Dispersion curves of sodium hyaluronate solutions. Measurements at zero 


velocity gradient (AA), when electric field was perpendicular to stream lines (( 1M) 
or mainly parallel (O@). Temperature 20°C. 


constant and the conductance of the solutions either were fairly constant 
or else increased slightly with the velocity gradient. However, owing to the 
nonideal electric field conditions (4) during the latter measurements, no 


large emphasis should be placed on the small increases noted. It is of in- - 
terest to note, however, that no large decrease in dielectric constant was 


ever observed when the electric field was parallel to the stream lines. Both 
preparations for all concentrations studied (0.1 to 0.01 g. per 100 ml. solu- 


tion) showed a dielectric dispersion in the megacycle range, asis illustrated 
in Fig. 2. 


Discussion 


According to current opinion the dielectric properties of macromolecular 
solutions are considered to arise from rotations of the whole molecules with 
fixed electric moments. If interpreted in this way the dispersion in the 
megacycle range for hyaluronic acid should correspond to a relaxation of 
the rotation about the long axis, as that is the only possible movement for 
a relaxation time in the order of 10~® sec. If the dielectric increment of the 
hyaluronic acid were due to such a rotation of the molecules, an increase 
in dielectric increment should be observed when the molecules were oriented 
perpendicular to the electric field (as opposed to having random orienta- 
tion) and a decrease, when they were parallel to it. As this is not the case, 
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it must be inferred that the dielectric properties of the hyaluronic acid 
solutions cannot be due to a rotation of the whole macromolecules. From 
that it also follows that molecular weights and axial ratios cannot be cal- 
culated from dielectric data according to the methods usually employed. 
Similar results have previously been obtained for sodium thymonucleate 
(4). 

Therefore a new picture must be sought for the physical significance of 
the dielectric properties of macromolecular solutions. Recently Kirkwood 
and Shumaker (5) have proposed a new theory in which the fluctuation of 
the dipole moment due to mobile proton distribution is shown to be of im- 
portance for the dielectric increment of macromolecular solutions. Though 
their theory is not fully developed as far as the dielectric dispersion is con- 
cerned, it appears as though our streaming dielectric data could be partly 
explained through their picture of the dielectric process. 

However, it seems to us that another hypothesis could be used to ad- 
vantage in treating dielectric data as well as other physical properties of 
macromolecular solutions. According to this hypothesis, the surface of the 
macromolecules orders the water structure to form an ice-like structure 
surrounding the molecules. The ordering action of the surface is due to the 
fact that the hydrogen bonding positions on it (allowing bonding with the 
water) fit well into the structure of the ideal four coordinated water lattice. 
As ice has higher dielectric constant than water, the ice-like structure sur- 
rounding the macromolecules also has a high dielectric constant; this then 
principally accounts for the large dielectric increment observed in solutions 
~ of macromolecules with high asymmetry. The dielectric constant of such 
solutions according to this picture should be mainly independent of the 
orientation of the macromolecules; this has actually been shown to be the 
case. In discussing the physical significance of the dielectric increment it 
should also be mentioned, that a small contribution to it can be obtained 
from orientations of dipoles within the macromolecules or from dipole 
fluctuation, according to Kirkwood and Shumaker’s theory (5). 

The dispersion in the megacycle range of these solutions also fits well 
into this picture, as the ice-like structure would have a frequency of dis- 
persion between that of water (10" c.p.s.) and that of ice (104 c.p.s.). The 
streaming dielectric effect observed for thixotropic solutions might be due 
to a breakdown of the “crystallized’’ ice-like structure by the velocity 
gradient. The thixotropy could also be explained in the same way. A dis- 
cussion on the further applicability of this hypothesis will be given else- 
where. 

The strong interaction between the hyaluronic acid and the water struc- 
ture, as described above, is of interest in view of the physiological impor- 
tance of the acid with respect to the water content and permeability of 


tissues. 
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ABSTRACT 


Two small ice spheres are suspended by thin cotton filaments. The top of one fila- 
ment is displaced horizontally by a serew motion. The movable ice sphere is brought 
in contact with the stationary sphere, and then the screw is turned back. The normal 
cohesion is measured by the inclination of the filament when the spheres are sepa- 
rated. Sometimes the ice spheres showed a rotation before separation. The rotation 
took place more frequently in the range of temperatures near the freezing point, but 
it was observed once at —7.0°C., the lowest temperature when distilled water was 
used. When ice spheres made of 0.1% solution of NaCl were used, this rotation was 
very likely to occur and was observed quite often at —14°C. Successive rotations were 
sometimes observed in this case. These phenomena are explained by considering a 
model of the point of contact, which is composed of a solid ice bond and the surface 
films of a liquid-like nature. The relation between the strength of the ice bond and 
the area of contact is calculated by using Hertz’s equation. 


EXPERIMENTS 


The regelation of ice has been a problem since the days of Faraday and 
Tyndall. Weyl (1), treating this problem from the standpoint of modern 
molecular physics, has strongly suggested the presence of liquid-water 
film on ice surface at temperature below 0°C. This liquid-water film is not 
supercooled water, but is in equilibrium with its vapor phase on one side 
and with the ice crystal on the other. 

During the course of some experiments on the adhesive force between 
two ice particles, carried out in the cold chamber laboratory of the Low 
Temperature Institute, Hokkaido University, Sapporo, Japan, we found 
a phenomenon which seems to show the existence of this boundary layer. 
Two small ice spheres were suspended by very thin filaments. One filament 
could be moved by a screw motion so that the top of the filament was 
displaced horizontally. By this method, the normal adhesive force is meas- 
ured by the inclination of the filament when the spheres are separated. 

The ice sphere was made by freezing a drop of distilled water. A cotton 


1 Published by permission of the Office, Chief of Engineers, Dept. of the Army. 
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Fra. 1. Mean diameter of the ice ball = 1.45 mm. Temperature = —5.5°C. (a) Start 
of the experiment; (b) before rotation; (c) after rotation. 


filament was used as the suspending material. The diameter of the ice 
spheres was varied between 1.5 and 4 mm. The experiment was carried 
out in a metal box with suitable windows for taking microphotographs 
and was observed through a horizontal microscope. The temperature in 
the box was varied between —0.5°C. and — 16°C. The movable ice sphere 
was brought in contact with the stationary sphere by the screw motion 
device, but care was taken to avoid any appreciable pressure between the 
spheres. The effect of the duration of contact is an element to be studied, 
but in this series of experiments the time was chosen as 1 min. or a little 
less. 

The two spheres usually separated at a certain angle 6 of inclination of 
the filament. Sometimes, however, the ice spheres showed a rotation before 
separation, at an angle of ¢. Two examples are shown in Figs. 1 and 2. In 
both cases, (a) shows the initial state, (b) the state just before the rotation, 
the inclination of the filament being ¢, and (c) the state after rotation. 

This rotation did not always occur, but it was not rare. For example, 
in one series of experiments, this rotation phenomenon was observed nine 
times in thirty-eight cases. The rotation took place more frequently in the 
range of temperature near the freezing point, but it was observed once at 
—7.0°C., the lowest temperature when distilled water was used. It some- 


Fic. 2. Mean diameter of the ice ball = 1.95 mm. Temperature = —3.0°C. (a) Start 
of the experiment; (b) before rotation; (c) after rotation. 
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times happens, though seldom, that the spheres rotate two or three times 
in succession at the angles of ¢1 , ¢2 , and ¢3 , and then separate at 6. This 
successive rotation takes place more often when NaCl solution of 0.1% 
is used, as described later. This phenomenon reminds us of Bowden’s 
stick-slip motion in his friction experiment. The air in the measuring box 


TABLE I 
The Angles of Rotation and Separation for Ice Spheres of Distilled Water 
es Clea coh Peace 4 | 6’ (Obs.) | 6’ (Cale.)| sy, | 
No. CC. a ee) l Gm) Rotation ee iceese Gan Ce} Septeation 
1 —1.0} 1.2 12.2 30° 27° 27.1° | 0.57 | 0.16 | >56° 
2 ==20") 1'.2 12.2 44. | 39 39.3 | 0.82 | 0.40 80 
3 =5.4| 0.7 .|. 16.3.) :33 | 31 31.5 | 0.38 | 0.20| >66 
4 —3.0) 1.2 16.4 35 mle 32 30.5 | 0.67 | 0.28 43 
5 —3.0| 1.0 16.7 27 26 25.4 | 0.45] 0.10} >67 
6 —3.0} 1.0 16.7 26 25 24.4 | 0.43 | 0.09} >66 
q —3.0| 0.9 16.7 14 eS 13.3 | 0.20 | 0.04 28 
8 --3.0| 0.9 | 16.7° 6 5 5.7 | 0.08 | 0.03 | >70 
9 —3.0] 0.9 16.7 an 44.0 | 0.69] 0.35 | >65 
10 —3.0] 0.9 16.7 29 27 27.5 | 0.42 | 0.17 66 
ll —3.0| 0.9 16.7 29 27 27.5 | 0.42 | 0.17 66 
12 —3.0 |! 0.9 16.7 43 40 40.3 0.63 | 0.35 65 
dyne 
© Meon diameter = 2.3mm 
7S xX Mean diameter = 1.7 mm 


——» Cohesion 
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Fig. 3. The relation between normal cohesion and temperature. 
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must be considered as saturated at any time, because a considerable 
amount. of frost crystals was in the box. 

Some examples of ¢ and 6 are shown in Table I, in which > means Ahad 
the spheres did not separate with this angle. 

The normal cohesion was calculated from 6 by Eq. [5], given in the next 
section, irrespective of the occurrence of rotation. Cohesion was studied 
as a function of temperature, keeping the time of contact and the initial 
pressure between the spheres roughly constant. The measured values showed 
a wide fluctuation, which is essentially the nature of this sort of phenome- 
non. The mean of the values is taken for each of the temperatures. Figure 
3 shows the results for two series of the experiments. A vertical bar through 
each of the points shows its range of mean error. In this stage of the experi- 
ments, we can only say that the normal cohesion tends to decrease with 
decreasing temperature. Although it is qualitative, this tendency is quite 
evident. 

DISCUSSION 

Figure 4 shows the configuration at the moments before and after rota- 

tion of the sphere. The radius of the sphere is a, and the length of the fila- 


Fig. 4. Geometry of rotation of the sphere. 
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ment is /. When rotation takes place at the angle ¢, the inclination of the 
filament changes to ¢’ after rotation. The tension of the filament T gives 
a horizontal component f, which causes 2 moment of rotation as well as 
the normal tensile stress at the point of contact P, the former being fa. 
The moment of rotation is calculated from the geometry shown in Fig. 4. 


The moment of rotation = mga tan ¢. [1] 


When the resistance at the point of contact is overcome by this moment of 
rotation, rotation of the sphere takes place. The angle of rotation is ¢’ and 
the initial point of contact P comes to P’, as shown in the figure. ¢ and ¢’ 
are measured respectively on the microphotograph. ¢’(obs.) in Table I 
shows this value. 

¢’ can be calculated from ¢. Trigonometry shows that 


l 
a+ l 


¢’ calculated by this equation is given in Table I as ¢’(calc.). ¢’ is impor- 
tant because it is the angle of rotation of the ice sphere. The two values of 
the observed and the calculated are in good agreement. This shows that 
the sphere rotates to the amount of angle which is required by the me- 
chanics, 

The length of the arc PP’, the sliding distance at the point of contact, 
is ad’, where ¢’ is measured in radians. For discussion of the problem of 

sliding at the point of contact, the geometry shown in Fig. 4 is not suffi- 


sing = sin ¢. [2] 


-_ 


—— 


Fia. 5 Fia. 6 


Fic. 5. The displacement of the sphere by rotation. 
Fig. 6. A model of point of contact. 
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cient, because it is only an approximation. The sphere moves down when 
it rotates, as shown in Fig. 5. The amount of displacement x is given by 


= 1A¢ sin ¢ — a(1 — cos ¢), [3] 


neglecting the second term. The length of the arc PP’ and the value of 
+ calculated by Eq. [3] are also given in Table I. 

In order to explain this peculiar rotation of the sphere, a model is con- 
sidered (Fig. 6). B indicates the supposed bridge of ice at the point of 
contact, and thick lines show the surface films of a liquid-like nature. It i is 
believed that the liquid-like boundary layer will freeze when bounded by 
ice on both sides. So the infinitesimal portion of the film at the point of © 
contact will be frozen, forming the ice bridge or bond B that has been 
assumed by many former investigators. If the adhesion of ice is chiefly due 
to this bridge or bond, which is a solid material, the spheres will not rotate 
but will separate at a certain critical inclination of the filament. The rota- 
tion must be due to another property of the boundary layer, conceivably 
the adhesion due to the liquid-like nature of the surface film. The fact that 
the sphere does not rotate until a critical moment of rotation is applied is_ 
explained by the existence of the solid bond. However, after this bond is 
broken, with the moment of rotation reaching mga tan ¢, adhesion must 
be caused by surface tension of the film. 

Rotation of the sphere can take place in two ways: (1) with the center 
of rotation fixed, or (2) with displacement of the center of rotation. In 
the latter case, if the displacement of the center of rotation is equal to the 
length of the arc traversed by a point on the surface, the locus of the point 
of contact is a cycloid and the motion is a pure roll. The stress given to the 
surface film will be normal to the film, as shown by the single arrows in 
Fig. 6. When the center of rotation is fixed, the moment of rotation will 
cause a tangential stress in the surface film, as shown by the double arrows 
in Fig. 6. In our experiments, the displacement of the center of rotation is 


x in Fig. 5, which is not equal to the length of the arc PP’. The difference 
between PP’ and z is equal to the displacement of the point of contact 


when the center of rotation is fixed. So (PP’ — x) will give a measure of 
the tangential strain in the surface film caused by this mode of rotation 


of the sphere. The values of (PP! — x), obtained from the data in Table I, 
are given in Table IJ. As for the nature of this tangential strain, present 
data are not sufficient for further discussion. 

The moment of rotation is calculated by Eq. [1], and the results tabu- 
lated in Table IT. If the rotation starts by breaking the ice bond at the 
point of contact, the moment of rotation must be related to the contact 
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area between two spheres. The contact area between two spherical surfaces 
can be calculated from Hertz’s equation: 


a=11 ee [4] 


in which ais the radius of contact circle, F the force at the point of contact, 
r the radius of curvature, and H Young’s modulus. For a rough approxima- 
tion, FE is taken as 5 X 10°° dynes/cm”., and F is assumed as 0.01 dyne. 
Supplementary experiments showed that the initial pressure between the 
two spheres caused a remarkable variation in cohesion; for example, an 
initial force of 0.1 dyne made the cohesion more than ten times larger. In 
this series of experiments, the initial force was made as small as possible, 
and we estimate it to have been about 0.01 dyne or less. So it is reasonable 
to assume F as 0.01 dyne. The contact area A = 7a’ is calculated and the 
result given in Table II. 

The relation between the moment of rotation, which is considered to act 
primarily for breaking the ice bond, and the contact area is shown in Fig. 7. 
As the moment of rotation can be taken as a measure of the strength of the 
ice bond, Fig. 7 in effect shows the relation between the strength and size 
of the ice bond. The result is qualitatively in agreement with what is ex- 
pected. The points are scattered over a wide range, chiefly owing to the 
fluctuation in F. 

If we neglect the problem of rotation, the normal cohesion is roughly 
_ calculated from the angle of separation by the equation: 


Normal cohesion = mg tan @. [5) 


TABLE II 
The Moment of Rotation and the Contact Area 


Nol es x) ae Mpa $ Vas ee A 
1 0.41 0.44 0.19 
2 0.42 0.74 0.19 
3) 0.18 0.06 0.14 
4 0.39 0.53 0.19 
5 0.35 0.19 0.17 
6 0.34 0.18 0.17 
7 0.16 0.06 0.16 
8 0.05 0.03 0.16 
9 0.34 0.26 0.16 

10 0.25 0.13 0.16 

li 0.25 0.13 0.16 

12 0.28 0.23 0.16 


48 U. NAKAYA AND A. MATSUMOTO 


dyne xcm 


0.75 


(e) 
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0.25 


—— Moment of rotation 


0.12 


0.15 


0.175 


——— Contact area 


Fig. 7. The relation between the strength of the ice bond and the area of contact. 


0.20 pe 


This normal cohesion decreases with decreasing temperature (Fig. 3). The 
individual value shows excessive fluctuation, which is considered to be 
mostly due to the slight variation in initial force between the two spheres. 
Most of the experiments were carried out with the initial condition such 
that the force acting at the point of contact was unmeasurably small, say 
0.01 dyne or less. A slight increase in this force causes a remarkable increase 


TABLE III 
The Angles of Rotation and Separation for the Ice Spheres of 0.1% Solution of NaCl 
Temperature = —14°C., 1 = 16.6 mm., a = 1.2 mm. 
Rotation and separation Separation, without 
No. rotation 
dn ¢, 2 ¢, ees ¢, 6 No. r) 
2 5 4 37 35 65° 62 >65 1 39 
3 24 23 -— — 68+ 62 >68 5 42 
4 39 36 65 62 — — >62 t 39 
6 34 31 66 62 — — >62 8 >71 
10] 48 39 Seepli pes — _ >65 9 53 
14 | 26 24 — — 67¢ 62 >67 ll 55 
15) 943 39 — — ~- — >65 12 >71 
16 27 25 — = — — 51 13 >71 
17 | 23 21 36.-— | -\ 85 667 62 >66 


“ A slight shock is given to the box. 
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in cohesion. In one example, with minimum initial force, the cohesion was 
about 1 dyne at —5.5°C., the radius of the sphere being 0.7 mm. Under the 
same condition, when a force of 0.1 dyne was applied between the spheres 
by a negative inclination of the filament, the cohesion increased to more 
than 14 dynes, the limit of our measuring device. 

Another conceivable cause of fluctuation in cohesion is the microcrystal- 
line structure of ice. It is well known that the melting point of the boundary 
layer between component crystals is lower than that of pure ice. Asa result, 
a large block of glacier ice is usually easily separated into its component 
crystals when it is kept at a temperature just below 0°C. In our experiment, 
the ice sphere is of microcrystalline structure, and the area of contact might 
be either a portion of the surface of a component crystal or partly a bound- 
ary layer between crystals. The cohesion would be very different for those 
two cases. So we cannot expect consistent cohesion values in ordinary ice, 
which is made of many component crystals. 

Some experiments were carried out with ice spheres made of 0.1% 
solution of NaCl. Several interesting phenomena were observed. Rotation 
of the sphere was very likely to occur, and was observed quite often at such 
low temperatures as — 14°C. In seventeen experiments at —14°C., rotation 
took place in nine cases (Table III). Comparing angles of separation 6 in 
Tables I and III, we see that cohesion is far stronger between ice spheres 
of 0.1% solution of NaCl than between ice spheres of pure water; cohesion 
of the former even at —14°C. is higher than that of the latter at —1°C. 
_or —38°C. 

Another interesting phenomenon is repeated rotation, four examples of 
which are seen in Table III. The superscript a shows that the second or 
third rotation took place when a slight shock was given to the measuring 
box. With ice spheres of NaCl solution, the cohesion showed a marked tend- 
ency to increase after rotation. All the above phenomena suggest that 
some part of the impurity NaCl is concentrated on the surface during freez- 
ing, so that the surface layer has a more liquid-like nature than the surface 
of pure ice. 

All the results obtained from this series of experiments may be explained 
by assuming the existence of a liquid film on the ice surface, and no other 
explanation seems to be adequate. Therefore, the authors consider that 
this experiment shows the existence of liquid-water film on the ice surface. 


The experiments were carried out in the cold chamber of the Low Temperature 
Institute, Hokkaido University, Sapporo, while one of the authors (U. Nakaya) was 
in Sapporo. The authors wish to thank the authorities of the Low Temperature In- 
stitute for the use of their facilities. 
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ABSTRACT 


Apparatus and methods for observing foam drainage transition temperatures are. 
described. Sharp and reversible transitions are observed in Duponol ME (long-chain 
sodium alcohol sulfates) systems containing unsulfated alcohol, and in Duponol ME 
systems in which the unsulfated alcohols are replaced with lauryl alcohol. The foam 
drainage transition temperatures agree with the corresponding film drainage transi- 
tion temperatures. 


INTRODUCTION 


It has been known for some time that small amounts of organic polar 
compounds may lower markedly the drainage rate of detergent foams or 
single films (1, 2). This effect can be made to disappear by heating the 
system, and it has been shown for single films (2) that, the disappearance 
occurs over a narrow range of temperature, generally of the order of 2°C. 
or less, which may be termed the film drainage transition temperature. 
The characteristics of the corresponding foam transitions as, e.g., their 


sharpness and reversibility, have not previously been given detailed 
examination. 


EXPERIMENTAL 


It may be expected that a transition is a property of the composition 
of the solution with which the foam is in equilibrium and is independent of 
the distribution of bubble sizes or of the particular drainage conditions 
in the foam, e.g., whether or not the draining solution is: replenished. 
Entirely for reasons of experimental simplicity, the measurements have 
been made on uniform bubble-size foams being rewetted by a known 
constant input of solution. A single bubble size permits the reproduction 
of a given foam as desired, avoids segregation of bubbles according to 
size, and makes breakdown more evident when it occurs. Well- drained, 
low-density foams and foams showing breakdown have been avoided, as 


well as high-density foams (high flow rates) showing streaming of the 
bubbles. 
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Materials and Preparation of Solutions 


The Duponol ME contained 88.1% mixed straight-chain alcohol sulfates 
(largely sodium lauryl sulfate), 6.1% alcohol insolubles (Na.SO,), 5.1% 
ether-soluble materials (largely unsulfated alcohols), and 0.2% moisture. 
Extracted Duponol ME was prepared by extraction with ethyl ether, 
raising the alcohol sulfate content to 92.8%. The lauryl alcohol was com- 
mercial material fractionated by distillation and had a purity of at least 
99.3%, as estimated from freezing point analysis. 

Tn all experiments, 0.25% solutions in distilled H.O were used. Solutions 
of extracted Duponol ME to which 4.0% lauryl alcohol (alcohol sulfate 
basis) were added were prepared by dissolving the detergent and alcohol 
in a small amount of distilled water at approximately 80°C. and then 
diluting to the required volume with distilled water. 


A 


Fig. 1. Foam drainage apparatus. A, solution inlet with bubble trap;.B and B’ 
location of thermocouples; C, electrodes; D and D’, reference level and auxiliary 
manometer; E, foam/solution interface; F, F’ outlet to vacuum pump or to jacket 
supply; G, bubbler with air inlet; H, solution outlet with drop counter. Jacketed 
section of column 75 cm. long X 5 cm. internal diameter. 
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Foam Columns 


Various columns have been used, a typical column being shown in Fig. 1. 
The inner tube is graduated in millimeters. The column is filled with 
foam by means of a bubbling device at the bottom. These devices have 
been of three kinds, including platinum spinnerets commonly used in 
spinning fibers; concentric tube bubblers, in which solution is flowed 
rapidly through an orifice concentric with an inner air orifice (8); and 
obstructed orifice types (4), in which a thin rod is used to obstruct partially 
a minute opening at the end of a narrow capillary. Bubbles ranging from 
1 to 2 mm. are most conveniently produced by means of spinnerets; the 
other bubblers serve to produce smaller bubbles, ranging down to 0.1 mm., 
with rates of production of 1000 per second or greater. Generation of foam 
is halted when a suitable column of foam has been produced. 

Solution is flowed into the foam at the top of the column by means of 
an overflow device which acts also as a bubble trap. The solution leaves 
through a constant level outlet having a drop counter. Auxiliary means for 
supplying air and solution at desired constant rates of flow and for altering 
the temperature of the input solution and the temperature of the jacket are 
conventional and are not shown. The jacket may be evacuated if desired. 
The output rate is followed by weighing of fractions and by photoelectric 
counting of the drops. 

The pressure drop across the column of foam is taken as the difference in 
height between the level shown on an auxiliary manometer and the level 
of the foam/solution boundary. 


Electrodes and Thermocouples 


A pair of bright platinum electrodes can be inserted into the foam 
column from below. The resistance between the electrodes is measured by 
means of a 1000-cycle impedance bridge operated off balance. The output 
of the bridge is rectified, well filtered, and fed to a recording potentiometer. 
The initial capacitance of the foam is balanced out, and a decade resistance 
box in series with the electrodes serves in calibrating and in adjusting the 
range of the recorder. Four- and three-junction calibrated iron-constantan 
thermocouples can be inserted in the input device and in the foam. The 
output of the thermocouples is also fed to the recording potentiometer, 
which is a multiple-point instrument. 


Film Drainage Transition Temperatures 
Film drainage transition temperatures were determined by observing 
the descent of interference bands in a test tube film drainage apparatus (2). 
Discussion or Mrruop 


_Consider a tube partly filled with detergent solution and having an 
air/solution interface at a known reference level. Let foam be produced 
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by any means, e.g., by pouring a portion of the same liquid back into the 
column, by bubbling, or by mechanical agitation. Shortly after completion 
of foam generation, a foam/solution interface appears. It is obvious that 
since a certain amount of liquid now is in the foam, the foam/solution 
interface must be below the initial reference level. At any instant, the 
amount of solution displaced into the foam and the average foam density 
may be calculated from elementary considerations which are e particularly 
simple if the columns are uniform cylinders. 

These observations apply equally to foam columns through which a 
_ flow of solution is maintained, as the column in Fig. 1. If, with foam absent, 
solution is introduced at the top of the column at a steady rate, a reference 
level of the air/solution interface will be established by the orifice of the 
overflow tube, and the rate of flow out of the column will then equal the 
input. If foam is then generated until it fills the column to the level at 
which the rewetting solution is introduced, it will be found that the foam/ 
solution interface is below the original (reference) level. Of necessity, the 
orifice defines a level of essentially unchanged (zero) pressure, and the 
amount of liquid in the foam is given by the lowering of the interface. 
The average foam density may be calculated exactly as before. 

If the flow of solution into the column is halted, the output ceases almost 
immediately provided the column is of uniform cross section. Thereafter 
drainage proceeds in the normal manner described for a simple tube. 
The small amount of liquid collected upon halting the input is due mainly 
to the back pressure developed by the orifice; this pressure may be pisces 
by means of the auxihary manometer, 

Internal foam collapse, foam transition, or any other source of change 
in the average foam density will result in a change in the level of the 
foam/solution interface, despite maintenance of constant input. Applica- 
tions to the study of the rate of eee of foam and other properties of 
foam are apparent. 

The pressure drop across the complete column of foam does not reveal 
local changes in the foam. These may be studied by a variety of other 
means, including examination of optical properties (5), foam consistency 
(6), or electrical conductance. Of these only the last will be described. It 
has been established experimentally that the conductance of a foam, as 
may be expected, varies in a regular way and approximately linearly over 
a wide range of foam densities (1, 7, 8). With automatic recording, the 
measurement of resistance between, electrodes immersed in a column of 
foam provides a versatile and flexible tool in the study of foam drainage. 

Nonuniform columns are discussed below in connection with the observa- 
tion of transition temperatures in such columns. 

Hydrostatic pressure drop has been used previously as a measure of 
foam density by Schiebl (9) and Siehr (10). 

The present approach regards a column of foam differently. from a 
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previous paper (1). One of the characteristics of a foam column is its 
capacity to alter in geometry according to the rate of solution flow. A 
column of foam swells when the flow through it is increased, the channels 
increasing particularly in their width. This increase is opposed by the 
buoyancy of the bubbles and by forces analogous to Bernoulli forces which 
arise from the streaming of liquid through narrow channels. In addition, 
the deformation of bubbles depends in part upon the size of the bubbles 
and the relative volume of liquid separating them. These effects are not 
inconsiderable, and it is evident that an adequate theory of foam drainage 
cannot ignore them. 

Relative flow rates in thin, single films are noticeably of a very different 


order (fast:slow = 100:1) from the relative flow rates in a foam. As may | 


be seen in Fig. 2, discussed below, this ratio in the foams reported is ap- 
proximately 2:1. 


The Foam-Atr Interface 


With certain exceptions, for systems in which the foam/solution interface 
is allowed to move freely with reference to an outlet in a fixed position, 
there is no change in the level of the foam/air interface whether the foam is 
being rewet or is draining freely. On the other hand, if the foam/liquid 
interface is kept at a constant level by manipulating the outlet level, then 
it is the level of the foam/air interface which reflects the changes in the 
average foam density. The principal exceptions include collapse of the 
foam at the top or a change in the total volume of the air in the bubbles 
due to change in temperature or to dissolving of gas by the solution. 
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Fie. 2. Pressure drop (liquid held) vs. rate of flow. Bubble diameter, 1.5 mm.; 


column 50 cm. long X 2.5 cm. internal diameter. Reference level 42.6 cm. below so- 
lution inlet. 
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In the experiments described in this paper, appreciable expansion or 
contraction of the foam must occur during the course of the measurements. 
As shown by Fig. 1, the effective volume of the gas contained by the foam 
through which the solution flows is set by the volume included between 
the reference level and the level of the solution input. It is this volume 
which is constant throughout the experiment and not the mass of the gas. 


RESULTS AND Discussion 


In Fig. 2, the amount of liquid held in a column of foam, as given by 
the pressure drop across the foam, is presented for various steady rates 
of flow of 0.25% aqueous solution of Duponol ME. The two curves repre- 
sent data obtained well above and below the transition temperature for 
the system. The marked difference in amount of liquid held, and therefore 
in the resistance to flow, illustrates the difference between “fast-’’ and 
“slow-” draining foams. Data are also presented for 0.25 % aqueous solution 
of ether-extracted Duponol ME. It is apparent that this effect of the ether 
solubles upon drainage disappears above the transition temperature. 

- The two curves are divergent over the range examined. At sufficiently 
high densities, they may be expected to converge, but it has been found 
that mass turbulence of the whole foam sets in with very high flow rates. 

Under the conditions of a uniform rate of input, transition from slow 
to fast drainage is accompanied by a loss of liquid equal to the difference 
along the ordinate representing the input, 7.e., between the points A and 
A’ shown in Fig. 2. Any method of detecting such a shift in the drainage 
relation with change of temperature potentially is a method of measuring 
foam transition temperatures. In the experiments described in this paper, 
the temperature of the foam was altered at a uniform rate, either rising 
or falling, while the pressure drop across the foam, the resistance between 
electrodes immersed in the foam, or the rate of liquid output were observed. 
with uniform or nonuniform columns as appropriate. 


Isothermal Columns 


Results for 0.25 % aqueous solution of Duponol ME are given in Fig. 3, 
with pertinent details in the legend. The temperature of this jacket and 
the input liquid changed together, and since in addition the column was 
relatively narrow, it is termed isothermal. The thermocouple was located 
approximately midway between the electrodes and the input solution. 
It may be noted that with a narrow column, the tubes bearing the electrodes 
may occupy an appreciable volume and the column cannot be strictly 
regarded as having a uniform diameter. 

It is apparent that a pronounced transition occurs in the foam density 
as shown by the pressure drop and resistance measurements. The transition 
is sharp and reversible. The abrupt change in the level of the foam/solution 
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Fig. 3. Foam transitions in “isothermal”? column. Bubble diameter, 1.0 mm.; 
column 50 cm. long X 2.5 cm. internal diameter. Thermocouple 6 cm.; electrodes 37 
cm.; and reference level 42 cm. below solution inlet. Solution, 0.25% Duponol MH, 
not extracted; flow rate 9.75 ml. per minute. 


interface often is apparent to the eye merely on watching the movement 
of the lower boundary of the foam. If it is assumed that the proper measure 
of the transition temperature is given by the onset of the transition, then 
the estimated values are: rising temperatures, 41.5°C.; falling temperatures, 


40.6°C. Film drainage observations gave 41.5°C. as the transition tem- 
perature. 


Adiabatic Columns 


Results for 0.25% aqueous solution of ether-extracted Duponol ME 
plus 4.0% lauryl] alcohol, alcohol sulfate basis, are given in Fig. 4 for 
rising temperatures and in Fig. 5 for falling temperatures. The column was 
wide and the jacket was evacuated to approximate adiabatic conditions 
at the walls. Thermocouples were located in the solution input device and 
at a short distance below the electrodes. Again, in each experiment there 
is a region over which a pronounced transition occurs in the average foam 
density, as shown by the pressure drop. Several of the details of the transi- 
tion may be inferred from the resistance measurements, which reflect 
changes in the density of the foam at the level of the electrodes. 

With rising temperatures, the transition is accompanied by -an initial 
drop in resistance. This drop is a consequence of maintaining adiabatic 
conditions at the walls of the column. Under such conditions, the transition 
occurs first at the top of the column and then progresses downward. The 
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Fig. 4. Foam transition with ‘‘adiabatic’’ column, ascending temperature. Bubble 
diameter, 1.5 mm. Column as in Fig. 1. Temperatures measured in solution inlet 
and 2 cm. below electrodes. Electrodes and reference level 47 and 58 cm., respectively, 
below solution inlet. Solution 0.25% Duponol MH, ether-extracted, alcohol sulfate 
basis, plus 4% lauryl alcohol, alcohol sulfate basis; flow rate 18.3 ml. per minute. 
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Fic. 5. Foam transition with “adiabatic” column, descending temperature. Details 
given in legend to Fig. 4. 
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excess solution shed by the section of the foam which has already become 
fast-draining accumulates as a flood which progresses in part below the 
boundary of the transition. When this excess sweeps past the electrodes, 
there is a drop in resistance; subsequently there is a much longer period 
during which the resistance rises as the foam loses liquid and reaches a 
steady and relatively drier condition. 

With falling temperatures, the expected inverse effect was not observed. 
It may be that with a modification of the apparatus it would be possible 
to demonstrate a boundary which is somewhat drier than the foam on 
either side of the boundary. 

The temperature of the foam near the electrodes faithfully reflects the 
varying rate at which solution flows by, as may be seen from the figures. 
Transition temperatures estimated from the breaks in the curves are: 
rising temperatures, 31°C.; falling temperatures, 31.5°C. Film drainage 
observations gave 33.0°C. as the transition temperature. 

This apparent discrepancy arises for the reason outlined above, namely, 
that the flood progresses ahead of the region of the true transition, which 
is associated with an abrupt change in surface viscosity. With a column 
operated isothermally, there is no corresponding effect and the difference 
should diminish. The smaller the column, the smaller the difference due to 
lags should be, and a single film may be regarded as the limit of such a 
column. For this reason, and because of the economy of material that may 
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. Fig. 6. Foam transitions in “isothermal”? column of varying diameter. Bubble 
diameter, 15 mm., upper section of column, 59 cm. long X 2.2 em. internal diameter; 
lower section of column, 34 cm. long X 0.9 cm. internal diameter. Thermocouple 8 
cm. and reference level 64 cm. below solution inlet. Solution 0.25% Duponol ME, not 
extracted; rate of solution flow 8.2 ml. per minute. ie ara 
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be had with single films, extensive measurements preferably are made 
by observing the descent of interference bands in a test tube film drainage 
apparatus. 

Columns of Varying Cross Section 


In the preceding experiments with constant input of solution, a constant 
output is maintained, the solution lost or taken up by the foam during 
transition appearing as a change in the level of the foam/solution interface. 
If, however, the foam/solution interface is held at a constant level by 
manipulating the overflow tube, then the net loss or retention of solution 
during transition is superimposed on the otherwise steady output, and 
appears as a hump or trough on a plot of solution output against time. 
Alternatively, if the foam/solution interface lies within a narrow tube 
surmounted by a foam column of large cross section, no need remains 
for manipulating the overflow tube to keep the foam/solution interface at 
a constant level. An excess or deficiency in the output will be observed 
upon transition and may be computed roughly from the change in level 
of the interface and the difference in the cross-sectional areas of the tubes. 
An exact computation must take account of the difference in drainage 
relations in the two sections of the column. 

An experiment based upon these considerations is presented in Fig. 6, 
(0.25% Duponol ME). The volume represented by the hump is 6.2 ml.; 
the volume of the trough is 7.6 ml.; the volume calculated from the change 
in pressure drop is 9.3 ml. 

It will be noted that a small break occurs on reversal of the direction of 
temperature change. It may be noted also, on Fig. 2, that there is a definite 
alternation of the open circles about the curves. The upper points are 
obtained when the given rate is approached from above and the lower 
points when the given rate is approached from below. These effects derive 
chiefly from narrow column diameters and more particularly from a 
narrowing of the effective column diameter at the solution inlet. 


We wish to acknowledge the interest and criticism of G. D. Miles, L. Shedlovsky, 
and A. Wilson throughout the course of this work. 
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ABSTRACT 


Measurements have been made of the viscosity changes with time which a com- 
mercial aluminum stearate grease undergoes, immediately after it has been heated 
to given temperatures and maintained at these temperatures under shear. When the 
equilibrium viscosity attained at any temperature is plotted against temperature, 
the curve obtained indicates the occurrence of a phase transformation in the grease, 
which is considered to be the transition from the paste to the jelly. It is concluded 
that the aluminum stearate grease is essentially a metastable jelly at temperatures 
below the transformation temperature, but transforms slowly to a paste on aging, 
the rate of transformation being accelerated by shear. 


INTRODUCTION 


Aluminum greases are different from the greases made from other 
metallic soaps in many respects, particularly with regard to structure, 
which is distinguished by the extreme fineness of the soap fibers contained 
in them (1, 2). The structure of aluminum soap-hydrocarbon systems has 
been the subject of intensive study during the past ten years (8, 4, 5, 6), but — 
in general this work has been confined to systems containing low-viscosity 
hydrocarbons such as benzene. The gels or jellies formed in these light 
hydrocarbons possess unique rheological properties which make them 
suitable as flame-thrower fuels and as fillings for incendiary bombs, but — 
they cannot be classed as greases, which are normally made from the 
soap and hydrocarbon oils with viscosities in the lubricating oil range. 
The work described in this paper was carried out on a commercially 
available aluminum stearate grease made from a high-viscosity oil. 


EXPERIMENTAL 


Material 


The grease contained 5.5% commercial aluminum stearate in a high- 
viscosity, mineral oil and was manufactured by heating these components 
to 140°C. to effect complete solution, cooling rapidly and milling. The 
aluminum stearate had a water content of 1.3 %, a free acidity (acetone 
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extraction) of 3.4%, an ash of 9.42%, and a water-soluble ash of 0.12%. 
The mineral oil was a once distilled oil of high viscosity (1100 secs. Red- 
wood I at 140°F.). ) 


Apparatus 


The apparatus was a modified form of the McMichael viscometer. In 
its original form the apparatus was found to be unsuitable for use at 
temperatures above 20°C., owing to the crude method of temperature 
control. It was therefore modified according to the suggestions of Rice (7), 
i.e. by substituting the standard heating control by an oil jacket. 
The latter was fitted to the viscometer without any alterations to the original 
apparatus other than the removal of the contact switch. A new cup (diam- 
eter 3 cm.) was turned from solid brass to fit directly into the supporting 
oil jacket, through which oil was circulated from a thermostatically con- 
trolled oil-bath via heat-insulated copper tubes. The whole assembly 
was fitted with a lid, through which a central hole was drilled to take the 
torsion wire, and was efficiently lagged with asbestos and cotton wool. 
With these precautions it was possible to maintain a temperature of 
00°C. (-£0.5°C.). 

Procedure 


In order to obtain reproducible results it was necessary to control the 
experimental procedure, which was standardized as follows. The inner 
cylinder was removed from the viscometer, and oil at the predetermined 
temperature was circulated through the oil jacket for 10-20 minutes. 
Grease at room temperature was put in the rotating cup and stirred until 
its temperature was constant. This usually took about 25 minutes. The 
grease temperature was observed independently with a thermometer 
immersed in it, because when steady conditions were established there 
was always a difference between the temperature of the circulating oil and 
that finally attained by the grease. For example, at 90°C. the difference 
was 2.5°C. which remained constant to within the limits +0.5°C. during 
‘a run of 300 minutes duration. When steady temperature conditions had 
been established, the thermometer was removed, and the inner cylinder, 
previously heated to the grease temperature, was inserted in the grease 
and suspended by the torsion wire. 

Since grease is non-Newtonian in its rheological behavior, it was necessary 
to standardize the rate of shear in order to obtain significant results. The 
rate of rotation of the cup was fixed, therefore, at 30 r.p.m., which gave a 
constant mean rate of shear of slightly less than 2 sec.-'. The only variable 
factor in these experiments, apart from temperature, was the height of 
immersion of the inner cylinder, which was deliberately varied in order to 
enable suitable scale deflections to be obtained over a range of viscosities. 
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Fig. 1. Isothermal changes in apparent viscosity of aluminum stearate grease after 
being heated to various temperatures. 


Results 


The experimental observations are given in Figs. 1 and 2, in which 
“apparent viscosity” values are plotted against time. “Apparent viscosity” 
is recognized as being a loose, and sometimes misleading, conception, but 
its use is convenient for providing a suitable basis for comparison. Values 
of torque, the property measured, are not comparable in themselves since 
the height of immersion of the inner cylinder varies, but this variation is 
allowed for in the calculation of apparent viscosity. The latter, however, 
is not necessarily the real viscosity of the grease at the given rate of shear, 
since it is a “one-point”? value and not calculated from the true gradient 
of the shear rate versus shearing stress curve. Zero time is defined as the 
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Fig. 2. Isothermal changes in apparent viscosity of aluminum stearate grease after 
being heated to various temperatures. 


moment of introduction of the inner cylinder into the grease, and usually . 
an initial rapid increase in apparent viscosity occurred, as shown in the 
90°C. curve in Fig. 2. This initial increase, which for the sake of clarity 
has been omitted from the other curves, did not always occur, and tended 
to be erratic in nature. It is probably due to temperature fluctuations and 
to initial slip between the inner cylinder and the grease, and has therefore 
been ignored in the interpretation of the observed apparent viscosity 
changes. 

The isothermal changes in apparent viscosity with time all follow the 
same course, although the extent of the changes occurring varies according 
to the temperature. At the highest temperatures the apparent viscosity, 
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Fia. 3. The time dependence of the apparent viscosity change in aluminum stearate 
grease after being heated to 90°C. 


after the initial fluctuations, is constant with respect to time. At other 
temperatures the fall in apparent viscosity with increasing time appears 
to follow an exponential law, as indicated by the linear relationship shown — 
in Fig. 3. 

The reproducibility of the measurements on different portions of the 
same’sample of grease was found to be good. For example, at 90°C. two 
runs gave almost identical curves and equilibrium apparent viscosity 
values of 24 and 23.5 poises, and at 99°C. three runs gave similar curves 
and equilibrium apparent viscosity values of 150, 154 and 148.5 poises. 
However, results obtained with a different batch of grease were not identical 
with those shown in Figs. 1 and 2, although formally the apparent viscosity 
changes with respect to time were the same. 

Figure 4 gives the viscosity-temperature relationships for the two 
batches of grease. For each grease there are two curves, one giving the 
initial apparent viscosity curve and the other the final apparent viscosity 
curve. The former was obtained by plotting as a function of temperature 
the initial apparent viscosity, which-is defined as the apparent viscosity 
measured immediately after the initial fluctuations are over, and for the 
90°C. curve in Fig. 2 is given by the apex of the curve. The latter was 
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Fia. 4. The viscosity-temperature relationships for aluminum stearate grease. 
© and A represent initial and equilibrium values for first sample of grease, and 
and V/, the same for the second sample. 


obtained by plotting as a function of temperature the equilibrium ap- 
parent viscosity value, obtained by extrapolating the curves in Figs. 1 and 2. 


DISCUSSION 


The self-consistency of the results illustrated in Figs. 1, 2, 3, and 4, and 
the excellent agreement obtained for the equilibrium values of the two 
batches of grease below the temperature at which the first break occurs 
in the curves (the second batch was made and investigated seven years 
after the first) indicate fairly conclusively that the observed isothermal 
changes in apparent viscosity with increasing time are not due to plug 
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flow, temperature variations, or other instrumental factors. A possible | 


explanation is that the reduction of viscosity to a dynamic equilibrium 


value with increasing time is due to thixotropy. If we give the generally | | 
accepted meaning to the word thixotropy, this would imply that the | 


apparent viscosity should recover, or tend to recover, its initial value 
when the shearing stress is removed, and also that the equilibrium ap- 
parent viscosity would be a function of the rate of shear causing the 


reduction. Both of these conclusions are contrary to the facts. Thus, after | 
dynamic equilibrium conditions had been established in the viscometer | 
at 90°C., the grease was left undisturbed in the viscometer for four days | 
at 90°C., but during this quiescent period the apparent viscosity remained | 
unchanged from the dynamic equilibrium value. Therefore, the change | 


caused in the system by the applied shearing stress is not thixotropic but 


appears to be a permanent change in the structure of the grease. Again, | 
according to the tabulated data the equilibrium state is independent of the | 
rate of shear used in attaining it, although the time taken to reach this | 


state is approximately inversely proportional to this rate of shear. This is 
also inconsistent with the view that the change is thixotropic. 


Effect of Varying the Breakdown Rate of Shear on the Apparent Viscosity at 81°C. 


Equilibrium viscosity Equilibrium viscosity 
Mean rate Time to attain at ‘‘breakdown”’ at rate of shear 
of shear equilibrium rate of shear of 1.8 sec.-! 
(sec.-}) (minutes) (poitses) (poises) 
1.2 230 52.0 42.5 
1.8 150 43.0 43.0 
2.4 105 34.0 42.0 


On the other hand, the data are in agreement with the view that the | 


original structure of the grease is unstable, and that the application of a 


shearing stress facilitates the transition from the unstable state to the | 
stable state. This instability, however, does not appear to any significant | 


extent above the critical temperature zone in which the breaks in the curves 


in Fig. 4 occur. It may be inferred, therefore, that the original structure of | 


the grease is one which is stable above the critical temperature zone and 
metastable below it. In agreement with this view is the fact that in order to 
make a grease of maximum hardness it is necessary to chill the product 
rapidly from a temperature above the critical temperature zone. If the 


grease is slowly cooled with stirring through the critical temperature | 
zone the product obtained is much more fluid, and similar in all respects | 


Piate I. Photomicrographs of aluminum stearate grease viewed in transmitted 
ordinary light at an original magnification of 226X. 
(a) Original grease; (b) after equilibration at 56° C. and cooling; 
(c) after equilibration at 77° C. and cooling; (d) after equilibration 
at 94° C. and cooling; 
(e) after equilibration at 105° C. and cooling; (f) same as (e) after milling. 
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to the dynamically equilibrated grease obtained at temperatures below the 
critical zone in the experiments described in this paper. 

Accordingly, the critical temperature zone can be ascribed to a phase 
transformation in the grease. The possibility exists that two phase trans- 
formations are involved, since there are two distinct breaks in the curves in 
Fig. 4. This is unlikely, since it would follow that the phase which is stable 
between the two critical temperatures would possess a very high and 
positive temperature coefficient of viscosity. It 1s more probable that only 
one phase transformation occurs, which would produce a true discontinuity 
in the curve, if the soap was a pure chemical compound. Commercial 
aluminum stearate, however, is an ill-defined chemical mixture, which may 
provide a spectrum of transformation temperatures resulting in a broad 
transformation temperature zone instead of a unique transformation 
temperature. In this connection it should be noted that even pure aluminum 
di-laurate shows a complex inhomogeneous behavior (8). 

Micrographical evidence, illustrated in Plate I, shows that the two 
phases stable above and below the critical temperature zone are both 
isotropic, and the essential difference appears to be that the former is a 
homogeneous system, the latter, heterogeneous. The transformation can, 
therefore, be described as a transition from jelly to paste, adopting Me- 
Bain’s definition of a jelly as being a homogeneous isotropic phase. This 
transformation is presumably the same as the transition occurring at- 
temperature 7, according to Lawrence’s scheme (9). No experimental 
evidence has been obtained in support of a critical temperature correspond- 
ing to Lawrence’s temperature 7’, (jelly = sol), but this may be due to the 
fact that, owing to the limitations of the apparatus, a sufficiently high 
temperature region was not explored. On the other hand Mysels (3) claims 
that the transition from jelly to sol for the aluminum di-laurate system is 
gradual and does not involve a critical temperature, which is in agreement 
with the observations of McBain and Working (4) on aluminum di-laurate, 
and of Gray and Alexander (6) on aluminum  stearate—hydrocarbon 
systems. 

It should be noted in Plate I that the original grease shows definite signs 
of heterogeneity, whereas freshly made grease, illustrated by f in Plate I, 
shows much less evidence of heterogeneity, and the product obtained by 
statically cooling the system after equilibrating at 105°C. shows prac- 
tically none. This suggests that the transition from the jelly state to the 
paste state can occur when the grease ages in the absence of shear, as well as 
under conditions of shear. It also leads to the conclusion that the grease 
when freshly made is essentially a supercooled jelly, which slowly trans- 
forms on aging to a paste, this transformation being accelerated by shear- 
ing. Another notable feature of Plate I is that, as the equilibration temper- 
ature 1s increased, the size of the particles in the equilibrium state 
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increases. It is possible that there is a continuous range of equilibrium paste 
states varying in particle size with temperature, and analogous to the 
“calotropic’”’ jelly states of aluminum di-laurate. 

The different initial-value curves (Fig. 4) obtained for the two samples of 
grease may be due to differences in composition of the greases. Another 
explanation may be minor differences in the composition of the soap or in 
the treatment to which it was subjected, either during its manufacture or 
during the manufacture of the grease from it (8). The data suggest that, 
in addition to the differences recorded in Fig. 4, there will also be marked 
differences above the transformation temperature zone between the 
equilibrium values as well as the initial values. Since the equilibrium curves 
are coincident below the transformation temperature zone it would appear 
that the grease in the paste state is much less sensitive to differences in 
soaps or composition than it is in the jelly state. 

The curves shown in Fig. 4 are similar in form to those obtained by 
Moses and Puddington (10) by plotting the Goodeve thixotropy coefficient 
and the residual viscosity against temperature. The breaks in their curves, 
however, occur at temperatures lower than those shown in Fig. 4. The 
explanation for this may be a difference in the component oils, since inde- 
pendent evidence has been obtained by us showing that by changing the 
oils the transformation temperatures can be altered. Rager (11) has also 
obtained a curve which superficially resembles those given in Fig. 4, but 
his results were obtained by following the viscosity changes which occur 
during the dissolution of the soap, whereas Fig. 4 refers to results obtained 
with greases made from soap solutions. When this difference is taken into 
consideration, the differences between Rager’s results and those described 
in this paper can be understood. 
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ABSTRACT 


Because of the importance of the electrical forces associated with aerosol particles, 
an electrification analysis apparatus permitting rapid evaluation of the amounts of 
negatively and positively charged particles in an aerosol by measurement of the lat- 
eral deflection of the aerosol stream in an electrical field has been developed. Results 
obtained thus far have been in excellent agreement with expectation and with the 
published data of other investigators. The principal advantages of the method pre- 
sented are the rapidity and ease of obtaining data and the elimination of the need 
for numerous samples to give statistically accurate results. An equation is presented 
for the calculation of the average electron charge carried by particles. 


INTRODUCTION 


The electrical characteristics of certain aerosols have been examined by 
a number of investigators. DallaValle (1) has summarized the work of the 
early investigators, notably Knoblauch (2), Rudge (3) and Whitman (4), 
who showed that the charge acquired by an aerosol was dependent on the 
composition and size of the particles, the nature of the ducts through 
which the aerosol was conveyed, the conveying velocity, and the relative 
humidity. These studies were concerned chiefly with the net charge ac- 
quired by a dust cloud, however. Whytlaw-Gray and co-workers (5) 
presented information on the relative amounts of negatively and positively 
charged particles in smokes of ammonium chloride, stearic acid, magnesium 
oxide, and tobacco. Kunkel (7) published similar information on the elec- 
trification of quartz dusts, and Daniel and Brackett (8) have applied a 
scheme which determines the charge:mass ratio to the analysis of quartz 
dusts. 

One point of agreement among the diverse studies is clear: the electri- 
fication of a freshly prepared aerosol is largely dependent on the method of 
formation. Violent reactions, such as the burning of magnesium ribbon, 
give rise to highly electrified particles, whereas volatilization at low tem- 
peratures results in only a small fraction of charged particles. Aerosols pro- 


* Present address, E. I. DuPont de Nemours & Co. (Inc.), Richmond, Virginia. 
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duced with a LaMer (9) generator, for example, are relatively uncharged. 
Wilson and LaMer (10) found that less than 25% of the particles compris- 
ing a glycerol aerosol were charged, even though radioactive sodium pro- 
duced the nuclei for the formation of the glycerol particles. None of the 
particles carried as many as four electronic charges. White and Hill (11) 
found that aerosols produced with a LaMer generator contained particles 
either uncharged or carrying single electronic charges. Recently, LaMer 
et al. (12) found that dioctyl phthalate aerosols produced with a LaMer 
generator were almost devoid of charged particles. At present the data on 
aerosol electrification are still scanty, and more information on a variety 
of aerosol systems is needed. 

The chief obstacles to detailed studies of aerosol electrification have been 
the difficulties encountered in experimental methods and_ techniques. 
Whytlaw-Gray and Patterson (5) used an ultramicroscope cell containing 
horizontal electrodes and noted the action of the particles in the field of 
vision. Kunkel and Hansen (13) used a modification of the apparatus 
described by Hopper and Laby (14), who employed a photographic tech- 
nique to measure the deflection of oil drops falling under gravity in a 
horizontal electric field. LaMer et al. (12) used a modified Millikan oil drop 
apparatus. Gillespie (15) used an instrument in which the charged particles 
were deposited on microscope slides and the neutral particles were collected 
in a thermal precipitator. 

The technique reported here avoids many of the experimental difficulties 
which accompany photographing or observing discrete particles and permits 
“rapid evaluation of the electrification of an aerosol, but it introduces 
certain new difficulties. These new limitations can be considerably mini- 
mized, however, and will be discussed in detail later. 


APPARATUS AND TECHNIQUE 


The apparatus developed for the present work is designed to permit 
evaluation from the deflection of an aerosol stream. Since the aerosol 
stream serves as the sample, the necessity for obtaining numerous photo- 
graphs in order to establish a precise sample average is removed, and the 
electrification of an aerosol may be determined in a single, brief experi- 
ment. duns é' 

A schematic diagram of the main elements of the apparatus is given in 
Fig. 1. The aerosol stream passing through the electrification chamber 
was observed and photographed through a window which was located at an 
angle of 45 degrees with the forward path of the light beam. Since the 
intensity of scattered light is greatest in the near-forward direction, obser- 
vation at an angle of 45 degrees with the direction of propagation of the 
incident beam was accomplished at some sacrifice in scattered light in- 
tensity. Background light was virtually eliminated by the 45-degree angle 
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Fig. 1. Schematic diagram of aerosol electrification apparatus. 


arrangement, however, and photographs showed excellent contrast  be- 
tween the image of the aerosol stream and the remainder of the film. A 
copper chloride solution was used to reduce the infrared intensity of the 
incident light, and a slit at the entrance to the electrification chamber | 
controlled the size of the light beam. All surfaces within the chamber and _ | 
ducts were painted with an optically black paint. 7 

Previous investigators in the field of aerosol electrification have invariably 
used systems involving parallel plate electrodes. This construction generally 
requires dark-field illumination or observation at very acute angles, because 
small separation between the plates cannot be effected without having the 
edges of the plates project into the light path. The restrictions on observa- 
tion angle were overcome by constructing cylindrical electrodes, located 
horizontally beneath the path of the incident light, and with axes at an 
angle of 90 degrees with the observational axis. With these modifications 
of electrode shape and location, a high-voltage gradient between the elec- 
trodes may be obtained without interference with the light beam. 

The, aerosol entered through a glass tube which tapered to, and ter- 
minated as, a slit 7.5 mm long and 0.2 mm. wide just below the plane of the 
electrodes. This central glass tube was, in turn, surrounded by another 
tube through which pure air could be drawn. In operation, the air velocity 
in the outer tube was synchronized with the aerosol velocity so that an 
aerosol stream having a width of very nearly 0.2 mm. passed through the 
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Fig. 2A. A stream of tobacco smoke in the absence of an electric field. B. A stream of 
tobacco smoke in an electric field of 5,000 volts per centimeter. 


observational zone in the absence of an electrical field. This aerosol inlet 
tube was rotated so that the narrowest dimension of the stream was pre- 
sented for observation or photographing. By this means an aerosol stream 
was obtained containing a sufficient number of particles to result in ade- 
quate exposure of the film negative even when the particles were dispersed 
in the electrical field. This flow system has an additional advantage over 
methods in which the settling of discrete particles under gravity is meas- 
ured. In the present scheme, thermal forces on the movement of the 
particles are negligible in comparison to forces due to the velocity of the 
stream, whereas unequal radiative heating in some previous systems caused 
spurious measurements and necessitated excessive insulation. 

The high-voltage source was controlled with a variable transformer so 
that the optimum dispersion of an electrified aerosol could be readily 
established. Maximum output was 20,000 volts, although it was seldom 
necessary to exceed 8,000 volts. 

Photographic negatives of the aerosol stream, such as shown in Fig. 2, 
were taken with the camera located a suitable distance from the camera 
port to obtain proper magnification and focus. A desirable feature of the 
photographic elements was a copying attachment, which permitted re- 
placement of the camera with a ground-glass plate for visual observation. 
During a test, the image of the aerosol stream was viewed through the 
sround-glass plate, and when a fine, steady stream was clearly visible, the 
samera was switched to replace the ground-glass plate, and photographs 
vere taken, thus giving photographs showing the change in the flow pat- 
ern of the aerosol due to the electric field. 

Photographic negatives were analyzed for optical density with a modified 
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Model B Beckman Spectrophotometer. Companion negatives showing the 
aerosol stream with and without the presence of an electric field were placed 
in a sample holder adapted for use with the spectrophotometer. The optical 
densities of the films were then obtained by traversing each negative. 
Results using different portions of the negatives were reproducible in all 
cases. 

Three possible limitations of the apparatus construction and of the ex- 
perimental procedure warrant discussion. First, there is a question re- 
garding the possible electrification of aerosol particles because of their 
passage through the tubes from the aerosol reservoir to the electrification 
chamber and through the electric field within the chamber. The charging of 
particles through ducts appears to be a function of the velocity of the 
particles (1), and since this velocity was kept at an extremely low value 
(of the order of 1 em. per second), it would be unlikely that the aerosols 
could become charged by passage through the tubes. The charging of 
particles by passage through an electric field takes place when corona 
discharge occurs, and calculations show that approximately double the 
voltage gradient used in this work would have been necessary to cause 
significant charging. These conclusions were justified by examining an 
aerosol formed by exposing titanium tetrachloride to a moist atmosphere. 
Measurements showed that this aerosol was uncharged both before and 
after passage through the tubes and the electric field. 

The second question involves the possible effect of secondary light 
scattering, where the total light scattered by the aerosol stream might be 
less than the sum of the light scattered by the individual particles. Ac- 


cording to Sinclair (16), particles scatter light essentially independently of - 


one another when the distance between the particles is 10, or preferably 
100, times the radius of the particle. In aerosols having a particle radius of 
1 w« and a number concentration of 10® per cc., the volume available to 
each particle is 10~ cc., the distance of particle separation is approximately 
the cube root of 10° or 10 ec., and thus the ratio of separation to radius 
is 10°: 10-4 or LOO. For a 10-u particle aerosol of the same concentration, the 
ratio is reduced to 10. In such an aerosol, some interference between the 
scattering of neighboring particles would be expected, but such high concen- 
trations are seldom found in practice. With the exception of an elutriated 
clay aerosol with a median diameter of 3 to 5 yu, the aerosols used in this 
study exhibited median diameters of less than 1 yu. Since the concentration 
of the clay aerosol was of the order of 10° per ec., and concentrations of the 
other aerosols never exceeded 10° per cc., the assumption of independent 
scattering may be justified. 

The third question concerns the photography. It has been shown that, 
to ensure an accurate analysis from film negatives, exposure conditions 


| 
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(light intensity and time) should be chosen so that the optical density of the 
negative is a linear function of the incident light. Proper choice of exposure 
was determined by calibration of the film according to the procedure rec- 
ommended in a publication of the Eastman Kodak Company (17), and 
particular care was exercised to avoid any overexposure of the negatives 
showing aerosol streams dispersed in the electric field. 


RESULTS 


The behavior of a stream of tobacco smoke particles in the absence of 
-an electric field is shown in Fig. 2A, and the flow pattern of the same 
aerosol in a horizontal field of 5,000 volts per centimeter is shown in Fig. 
2B. The electrode and high-voltage source connections were such that the 
light area to the left of center in Fig. 2B represents positive particles, and 
that to the left, negative particles. The central line represents neutral 
particles. The relatively dark spaces between the central line and the light 
areas in Figure 2B suggests that the charged tobacco smoke particles at the 
outer boundaries of the dark spaces are carrying minimum charges. The 
charge will be shown later to correspond to a single electronic charge. No 
such dark spaces were evidenced by an aerosol containing clay particles 
when the range of particle size was great. 

Figure 3 shows the results of optical analysis of the negatives correspond- 
ing to Figures 2A and 2B. In Fig. 3, the solid line presents the results of the 
optical scanning of Fig. 2A, 7.e., of tobacco smoke in the absence of an 
electric field, and the dotted line represents the results of the scanning of 
Fig. 2B, 7.e., of the same aerosol dispersed because of the presence of the 
field. Since it has been shown that secondary light scattering is negligible 
for the aerosols studied, and since care was exercised that the optical 
density of the negative for the aerosol in the presence of an electric field was 
a linear function of the number of particles causing the exposure, the areas 
under the broken curve of Fig. 3 may be taken as proportional to the 
number of particles scattering the light. If the total area under the dotted- 
line curve is fixed at unity, the area under the central peak of the curve 
represents the fraction of neutral particles in the sample; the area under the 
left peak, the negative fraction; and the area under the right peak, the 
positive fraction. The solid-line curve is not of great importance other than 
to serve as a guide. However, it is well to note that if no parts of either 
negative were overexposed or underexposed, the area under the solid-line 
curve should be equal to the area under the dotted-line curve. 

Some of the results obtained with a number of aerosols are given in Table 
I. In addition to the agreement with Whytlaw-Gray and_ co-workers 
(5, 6) on the electrification of magnesium oxide, the results serve as verl- 
fication of the work of others (10, 11, 12), who found that aerosols pro- 
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Fra. 3. Optical density curves from film negatives corresponding to Figs. 2A and 2B. 


duced with the LaMer generator were only slightly charged. The im- 
portance of the method of generation on the electrification of an aerosol has 
been amply demonstrated. As shown in Table I, an ammonium chloride 
aerosol produced with a spark discharge type of LaMer generator contained 
less than 5% charged particles, whereas an aerosol made by atomizing an 
alcoholic solution of ammonium chloride contained over 70% charged 
particles. In the latter method, the high degree of electrification is not 
surprising, in view of the violent forces attending rupture of the liquid at 
the atomizer nozzle. 

The values of positive and negative fractions reported in Table I repre- 
sent the average values for a number of samples. Deviation from the 
average value rarely exceed 10%. Since the possible variation of electri- 


fication with time had not been determined, all measurements were made 
with freshly prepared aerosols. 
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TABLE I 
Electrical Charge Data for Various Aerosols Soon after Generation 
Ropiox. Charge distribution 
Aerosol . Method of formation oa Re wire, 
Gr Positive tive | Neutral 
fo (%) | (%) 
Brobacco.....-.... 05. Burning 0.1-0.25) 40 34 26 
Magnesium oxide..... Burning magnesium ribbon 0.8-1.5 | 44 42 14 
Magnesium oxide..... Burning magnesium ribbon = 48¢ | 434 ge 
LS Rta Re eee eee ee Elutriation 3-5 47 44 9 
mtearic acid..........; LaMer generator 0.2 2 2 96 
BIGCATIC ACLO, 0. sacs Low-temperature volatiliza- — 34 4a |} 93 
tion 
Ammonium chloride..| LaMer generator 0.2 2 2 96 
Ammonium chloride..| Low-temperature volatiliza- — — = 952 
. tion 
Ammonium chloride..| Dispersed from alcoholic so- | 0.8-1.5 | 40 40 20 
lution by atomizer 
BEA A Deere ie crarne eo Dispersed from alcoholic so- | 0.8-1.5 | 40 39 21 
lution by atomizer 


# Data of Whytlaw-Gray and associates (5, 6). 


In general, electrified aerosols were found to contain approximately 
equal amounts of positive and negative particles, with occasionally a 
slight excess of positive particles. This result is in agreement with the 
data of Whytlaw-Gray and Patterson (5), who ascribe the slight excess 
of positive particles to the greater mobility of negative ions. 

Complete analysis of the charges associated with aerosol particles entails 
consideration of several factors. The amount of lateral deflection of a 
particle, in the system described, is a function of the mass of the particle, 
the charge, the field strength, and the flow rate of the aerosol stream 
through the electrification chamber. An analysis of the electric field be- 
tween cylindrical electrodes has been summarized by Harnwell (18). If the 
boundary conditions imposed by the design of the apparatus and by the 
experimental technique are applied, an expression may be derived which 
relates the deflection of the particle passing through the field to the charge 
of the particle. 

The electric forces on a particle in the field surrounding cylindrical 
electrodes arranged parallel to one another, as in this investigation, have 
also been discussed by Harnwell. Electrodes of infinite length were assumed 
in the theoretical analysis, however. The following derivation assumes 
that the finite length of the electrodes will not greatly affect the analysis 
and that the velocity of the particle will not be materially altered by the 
acceleration and deceleration effects of the electric field. 
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The force causing horizontal deflection of the particle is given by 


Q@ 4g 

= = - cos 6 [1] 
i rK, a 

where g, = charge per unit length of electrode, 


q = charge on the particle, 
d distance from electrode to particle, 
aK, = conversion factor, and 
§ = angle between the plate of the electrodes and the force vector 
between either electrode and the particle. 
From the analysis of Harnwell, 


qu Vv 


= 2 
arK, cosh c¢/2b | 
where V = potential difference, 
¢ = separation between electrode centers, and 
b = electrode radius. 
From geometric considerations, Eq. [1] may be modified to give 
W iL 
Be = 33 Ga [3] 


2w (Vot — Yo) + (6/2) 
where w In(c/2b + 14 -V(c/b)2— - 4), 


t time 
Vo = vertical velocity of the particle, and 


ll 


Yo = vertical distance from the aerosol inlet to the plane of the 


electrodes. 
Teg et 4 t. Me hig) 2 : 
we assume that the viscous resistance OTUs, force is much greater 


than the inertial resistance (ma) force and equate the viscous resistance 
to F,, 


é rf a Veq [4] 
Vv => 
. [(2w) [(V vi — Yo) ss (c/2)"| 
where » = viscosity of the medium, 
r = radius of the particle, and 
x = horizontal deflection of the particle. 


Integration of Eq. [4], together with application of the appropriate 
conversion factors, yields 


OG 10g tan A au kan et 
G 


6rur Vow 


[5] 


where y; = vertical distance from electrodes to point of observation. The 
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potential is measured in volts, the charge on the particle in electrons, and 
the other quantities in cgs units. 
When the inertial resistance was considered, substitution of absolute 


3 , > Doe 
numerical values showed that the term associated with the m force 


_was negligible in comparison to the term associated with the 6ayr = force. 


In the foregoing derivation, it should be noted that the amount of lateral 
deflection is also a function of the horizontal position of the particle in the 
aerosol stream, and that the equation is rigorous only when the width of 
the stream approaches the width of a single particle. Therefore, the aerosol 
stream’s width was maintained as small as practicable (about 0.2 mm.). 

The minimum deflection, determined from the width of the relatively 
dark space between the central stream and the charged particle area in 
_ Fig. 3, corresponds to tobacco smoke particles with a maximum diameter 
of the order of 0.6 uw, carrying charges of one electron. According to Eq. 
[5], optical scanning of a negative showing the electrification of an aerosol 
perfectly homogeneous with respect to particle size would give optical 
density curves exhibiting a series of maxima and minima in the charged 
particle area, each peak corresponding to a different multiple charge on the 
particle. Therefore, the departure from this predicted peaked curve to the 
relatively smooth curve of Fig. 3 indicated nonhomogeneity of particle 
size. Calculations by Eq. [5] may be based on a median particle size, thus 
permitting estimations of the fractions of particles carrying multiple 
charges, but the accuracy of the estimation depends upon the deviation of 
the distribution of particle sizes from the median value. For the tobacco 
smoke aerosols used in the present study, it was found that the deflection 
from the central stream to the peak of the curve in the charged particle 
area corresponded to singly charged particles from 0.1 » to 0.25 » in diam- 
eter. This result, in excellent agreement with the observations of Gibbs 
(19) and Sinclair (16) and with other observations on the size of tobacco 


TABLE II 
Electron Charge on Charged Aerosol Particles Soon after Generation 


Aerosol Method of formation | mi aac Spare Saree 
(microns) | 
Tobacco smoke....... Burning ~ 021-025, | 2 
Magnesium oxide..... | Burning 0.8-1.5 | 8-12 
(CHOR al ie Breen oie | Elutriation 2-4 20-40 
DpeaIC AClec. gare. LaMer generator Or2 | 1 
Ammonium chloride..| LaMer generator | 0.2 1 
Ammonium chloride..| Atomization of an alcoholic | 0.8-1.5 : 12-15 
solution | 
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smoke particles, is evidence that the relatively clear zone between neutral 
and charged particle areas on a film negative arises because the charged 
particles must carry at least a single electronic charge. 

Equation [5] has been used to calculate the average charge carried by 
charged particles in several different aerosols. The results are summarized 


in Table II. 

The multiple charges carried by magnesium oxide particles may be 
attributed to the violent reactions which occur during the combustion of 
magnesium ribbon. It is interesting to note that the average charge of 
clay particles is essentially the same value reported by Kunkel (7) for a 
quartz dust of corresponding particle size. The results showing that a 
single electronic charge is carried by the charged particles in aerosols formed | 
with the LaMer generator confirms the work of others (11, 12). . 

The investigation is being continued to obtain electrification data on a 
number of aerosol systems and to clarify the effects of electrification on 
aerosol behavior. 
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INTERPRETATION OF PLASTIC VISCOSITIES IN TERMS 
OF NEWTONIAN VISCOSITIES 
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In the course of an investigation of the rheology of carbon black sus- 
pensions in petroleum oil, data were obtained which could be interpreted 
in a straightforward manner by analogy to solutions exhibiting Newtonian 
viscosity behavior. 

Suspensions of four commercial channel blacks were prepared in a 
nondetergent petroleum oil by two passes of the mixed components through 
a 3-roll paint mill under identical mill clearance settings. Suspensions of 
2.0 and 4.0 weight per cent carbon were prepared in this manner, and other 
concentrations reported were obtained by dilution with the petroleum 
oil. The carbons were used as received, without any conditioning treat- 
ment. Their ultimate particle diameters (mean), as determined by electron 
microscopy, were furnished by the suppliers. 

A concentric cylinder viscometer in which the outer cylinder may be 
rotated at continuously variable velocities was employed to obtain the 
angular velocity vs. torque flow curve for each suspension. The inner 
cylinder was totally immersed to a predetermined depth and was sus- 
pended from a fixed support by straightened stainless steel wires whose 
torsion constants were determined by weight and pulley and by torsion 
pendulum experiments. Under the same total immersion conditions of the 
inner cylinder, the instrument was calibrated with N.B.S. standard 
viscosity liquids. Angular velocity determinations were made with the 
use of a Hasler-Tel tachometer (direct reading in r.p.m.) which was 
directly coupled to the drive shaft of the outer cylinder. A reproducibility 
of 0.5 r.p.m. could be obtained at any velocity employed. The deflection 
of the inner cylinder was measured by sighting through a telescope onto a 
dial attached to the shaft of this cylinder. This dial has 1000 divisions per 
revolution, and readings can easily be made to 0.5 division. The zero_ 
point was checked before and after each run, and it remained constant to 
within 0.5 division. 

The outer cylinder was thermostated by a vigorously agitated water 
bath whose temperature was controlled to 30.00 + 0.02°C. for all data 
reported here. A more complete description of the apparatus will appear 
in a future publication. 
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The petroleum vil exhibited a Newtonian viscosity of 0.630 + 0.003 | 
poise up to the highest velocity gradient (1200 sec.) employed. The 
flow curve of each carbon suspension was typical of plastic or Bingham 
flow as characterized by the equation (1) 


T(ro —1i) _ So in re 


Oey. 
Athwr or; w Vi 


U= 


where U is the plastic viscosity, 7 the torque imparted to the inner cylinder 
at an angular velocity w, h the depth of immersion of the inner cylinder, 
So the yield stress, and r, and r; the radii of the outer and inner cylinders, 
respectively. For such a flow curve, the plastic viscosity and yield stress 
may be uniquely determined from the slope and extrapolated intercept, 
respectively, of the linear portion of the angular velocity vs. torque curve. 
Typical primary data are listed in Table I and depicted graphically in 
Fig. 1. From these representative data, it is clear that the plastic viscosity 
values are independent of the rate of shear over the range studied. The 
plastic viscosity and yield stress values for-all runs are listed in Table IL 
and are depicted graphically as functions of carbon concentration in 
Figs. 2 and 3. 


TABLE I 
Readings of Angular Velocity and Torque 
2.0% Carbon A 1.0% Carbon C 

r.p.m. Div. r.p.m. Div. 

0 0.0 0. 0.0 
16.0 129.0 27.0 54.0 
44.0 236.5 86.5 159.5 
73.5 338.9 146.0 261.0 
101.0 420.0 201.0 356.5 
130.5 508.5 259.0 454.5 
156.0 584.0 316.0 551.5 
185.5 669.0 374.0 649.0 
215.5 754.0 435.0 752.0 
245.0 837.0 405.0 700.0 
213.9 916.0 348.0 603 .0 
302.5 997 .0 289 .0 503 .0 
287 .5 956.0 230.0 402.0 
260.0 877.0 172.0 303.0 
229.5 792.5 116.0 » 208.0 
201.0 712.0 59.0 110.0 
1725 630.5 16.0 33.0 
144.0 546.5 0 0.0 
116.5 465.0 

87.0 375.0 

59.0 286.0 

29.0 184.5 
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TABLE II 


Values of Plastic Viscosity and Yield Stress 
Ultimate particle 


diameter (mean) Concentration U So 
Carbon (mp) (wt.%) (poises) (dynes/cm.2) 

A 9 1.0 0.84 225, 
2.0 INSAl7h 1150. 

3.0 1.54 4350. 

4.0 Pa SUL 10,900. 

B 13 120 0.73 175. 
2.0 0.907 640. 

3.0 1.09 1620. 

° 4.0 1.3 3150. 
C 18 1.0 0.70; 130. 
2.0 0.81; 470. 

3.0 0.94; 800. 

4.0 1.09 1550. 

D 23 1.0 0.653 60. 
2.0 0.703 155. 

3.0 0.77 390. 

4.0 0.855 625. 
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Fra. 1. Angular velocity versus angular displacement for two carbon-oil systems. 


No simple correlation could be found for the changes in yield stress 
with concentration. Since the yield stress is a measure of the reticular 
structure formed by the solute, a rather complicated concentration de- 
pendence would be expected. 
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Fig. 2. Concentration dependence of the plastic viscosity for four channel blacks. 
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Fia. 3. Concentration dependence of the yield stress for four channel blacks. 


In the case of the plastic viscosities, 
hypothesis that, once the yield stress is exceeded, the excess dissipation 
of energy due to the presence of the solute is entirely analogous to the 
case of Newtonian solutions (or suspensions). For this purpose ngp/e was 


it was of interest to examine the 
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plotted against concentration, and a straight line was obtained for each 
carbon, conforming to the Huggins’ type of equation 


nse _ U — 


Cc noc 


= [n] + k'Inl’c 


where U is the plastic viscosity of the suspension, no the Newtonian 
viscosity of the medium, [n] the intrinsic viscosity (or limiting viscosity 
number), k’ the interaction coefficient, and c the solute concentration 
(conventionally expressed in units of grams of solute per 100 ml. of solu- 
tion). |] is obtained as the ordinate intercept, and k’ may then be evaluated 
from the slope. The linear plots are shown in Fig. 4 and the evaluated 
parameters are listed in Table IIT. 

For calculation purposes, the densities of carbon and oil were taken to 
be 1.80 and 0.87 g./cm.*, respectively, and ideal volume additivity was 
assumed. Values are also given for jim a where ¢ is the volume 

yee 
fraction of solute. For Einsteinian spheres, the limiting value is 2.5. The 
higher values found indicate that the reticular or chainlike agglomeration 


TABLE III 
Intrinsic Viscosity and Interaction Coefficient for Four Channel Blacks 
Ultimate particle : Asp 
diameter (mean) fn] lim Cz 
Carbon (mp) (100 ml./g.) Rk’ ¢>0\¢% 
A 9 0.30 1.25 + 0.25 55 
B 13 0.15 2.15 + 0.15 27 
C 18 OF 2.00 + 0.20 21 
D 23 0.032 2.00 + 0.15 5.5 
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Fra. 4. Concentration dependence of ysp/c for four channel blacks. 
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suggested by other workers (2-4) for carbon suspensions is a plausible 
explanation. Since a larger [n] value is associated with a longer or higher 
“molecular weight’? particle, the degree of agglomeration appears to 
increase as the ultimate particle diameter decreases. In accordance with’ 
this, the k’ values appear reasonable. This dimensionless parameter has. 
been associated with the relative stiffness or flexibility of the particles, 
reaching a value of about 0.5 for flexible, linear polymers and an upper’ 
value of about 5-6 for elongated rigid rods (5). The intermediate values 
found seem feasible in terms of a chainlike aggregation of the ultimate 
particles. 

The linear concentration dependence of ysp/¢ found implies that the 
original hypothesis was valid, at least for these systems over the range _ 
of concentration studied. After the shearing stress has exceeded the yield 
stress, the interference offered by the solute particles to the flow of the 
medium appears completely similar to cases of Newtonian flow. It would 
be difficult to explain why this should not be so unless a change in the 
applied shear stress is associated with a change in the extent of agglomera- 
tion or particle size. 
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Book Review 


Low Temperature Physics, International Series in Pure and Applied Physics, by 
SHARLES F. Squire, Professor of Physics at the Rice Institute, Houston, Texas. 
MicGraw-Hill Book Company, Inc., 1953. 244 and x pp. Price $6.50. 

Before World War II there existed only about half a dozen laboratories in the 
vorld where liquid helium was available. At present there are about fifty such lab- 
ratories, and the study of the properties of matter in the temperature range from 
.001°K. to about 20°K. is recognized as one of the outstanding fields of research in’ 
yhysics. Professor Squire is to be congratulated on presenting the first postwar book 
levoted exclusively to this fascinating field. 

Low temperature physics is concerned mainly with the properties of liquid helium, 
he phenomenon of superconductivity, and the production and measurement of tem- 
eratures below 1°K. by magnetic means. Professor Squire has dealt quite adequately 
vith these main topics, as well as with gas liquefaction, thermometry, equations of 
tate, specific heats, and heat conductivity. He has maintained a nice balance in his 
reatment of theory and experiment. Theories are explained briefly without too much 
letail, and experiments are described with figures and the results either tabulated or 
lotted. In the appendix are tables of the vapor pressure of helium, hydrogen, and 
xygen. This book should prove valuable both to students and to research workers 
n the field. 

Marx W. Zemansxky, New York, N. Y. 
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Volume 8, Number 4, August, 1953 


In the paper entitled “Light Scattering by Solutions of Octyltrimeth- 
ylammonium Octanesulfonate and Octyltrimethylammonium Decane- 
sulfonate’’, by E. W. Anacker, please note the following: 


1. Page 405, Equation (3) should read: 
SR? = kH’? + aH’ + nA? © gS? + 20HAC 
+ 2dHCOS + 2fAS — 2eH’Cy — 2dHA — 2hHS 


“ C; ° 
2. After the term, e¢ = 2 —2, ”-insert, 
Ti 


“ C; 255 
ne zt 
Ti 
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ABSTRACT 


A method is described for the determination of the surface area and average 
particle size of synthetic latices containing fatty acid soaps. The method involves 
the titration of a latex with soap until the critical micelle concentration of the soap 
in solution is attained. From the total amount of soap adsorbed per gram of polymer 
at this point, and the effective molecular surface area of the soap, the above quan- 
tities can be calculated. The particle size given by this method is a volume to sur- 
face average diameter. 

Two techniques have been used to determine the titration end point, surface 
tension and conductance. Both methods give identical results. A scheme is also pre- 
sented by which correction can be applied for the amount of unadsorbed soap in 
‘solution without assumption of the value of the critical micelle concentration of 
the soap used. In the soap titrations any free fatty acid present in the latices is 
completely displaced from the polymer surface by the added soap. 

The effective molecular soap areas required in the calculation of particle size 
and area have been determined for laurate, myristate, oleate, palmitate, stearate, 
and OSR soaps. It is shown that these areas are valid from about room temperature 


to 50°C. 


INTRODUCTION 


In 1944 the authors developed a soap titration method for the determina- 
tion of surface area and particle size of synthetic latices; this method has 
been used extensively in the Government Synthetic Rubber Program, 
and reference has been made to it in the literature (1-5). It is the purpose 
of this paper to present the theory and details of the method and to show 
its application to synthetic latices containing fatty acid soaps as the 
emulsifying agents. Subsequent papers in the series will describe the use 
of the method for latices containing rosin soaps, as well as some other 
emulsifiers. 


PRINCIPLE oF Mrtuop 


Synthetic latices are aqueous dispersions of spherical polymer particles 
stabilized by adsorbed emulsifying agents. In most instances these 
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emulsifying agents are soaps, whose anions are adsorbed and impart to 
the latex particles a negative surface charge. The quantity of soap present 
in most latices is sufficient to cover only a fraction of the available surface, 
and hence the latex particles are capable of adsorbing more soap. Further, 
the relatively high surface tension of most latices indicates that practically 
all the soap initially present is adsorbed and that the concentration of 
unadsorbed soap is very low and insufficient to yield micelles. Finally, all 
the available evidence points to the fact that the soap is adsorbed in 
monomolecular form by the polymer and that it exists in this form on the 
surface even at aqueous phase concentrations exceeding those required for 
micelle formation. These facts suggest the possibility of employing soap 
adsorption for determination of average surface area and particle size of 
latices. 

In the use of adsorption for surface area determination, as in the BET 
method, the usual practice is to determine the adsorption isotherm, and 
to find therefrom the quantity of adsorbate necessary to saturate the 
surface of the adsorbent with a monolayer. In the case of latex-soap 
systems this procedure is not feasible. However, it is possible to carry the 
adsorption process to a definite concentration of unadsorbed phase in 
solution at which point, in view of the equilibrium between the adsorbed 
and unadsorbed phases, a definite quantity of the adsorbate will be present 
on the substrate surface. 

For systems containing soaps and other emulsifiers, such an end point 
for the adsorption process can be the concentration of adsorbate in solution 
at which micelle formation sets in. By determining then the amount of 
emulsifier adsorbed by the latex particles per unit weight of polymer at — 
the point of micellization, and the effective surface area occupied by a 
molecule of the emulsifier on the polymer surface at this point, we should 
have all the information necessary for calculation of both surface area and 
average particle size. 

Any given latex contains initially C; moles of soap per liter and mo 
grams of polymer per liter. Since the amount of unadsorbed soap present 
in a latex is a negligible fraction of the total, the moles of soap initially 
held by a gram of the polymer is 8; = C;/mp. The problem then is to find 
how much more soap has to be added per gram of polymer in order to attain 
the critical micelle concentration (cme) in solution, 7.e., Si = C./m, where 
C, is the concentration of added and adsorbed soap, and m is the concen- 
tration of polymer. 

The quantity S, can be determined either by surface tension or con- 
ductance measurements. When a given volume of latex of known concen- 
tration is titrated with standard soap solution, and the surface tension is 
measured after each addition of soap, a curve such as shown in Fig. 1 is 
obtained. This curve consists of two branches, AB, along which the 
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SURFACE TENSION -DYNES/CM 


° 4 8 12 16 20 
ML SOAP SOLUTION ADDED 


Fia. 1. Surface tension titration of a latex with soap at 50°C. 


surface tension decreases rapidly with soap addition, and BD, along which 
soap addition produces very little change in surface tension. The point of 
intersection of the lines, B, gives the quantity of added soap at which 
micellization sets in in the aqueous phase, and is thus the sought titration 
end point. If we designate by Vo the initial volume of latex taken for 
titration, V the volume of added soap necessary to reach point B, N its 
normality, and m the initial polymer content of the latex in grams per 
liter, then at the cme the concentration of added soap is 


V : 
C= e= N moles per liter, [1] 
while that of the polymer is 
V : 
m= a) mo grams per liter. [2] 


Instead of following the titration of a latex with soap by surface tension, 
we may do so by conductance. Figure 2 shows the type of plot which is 
obtained for (LZ — Ly) as a function of the volume of added soap. L here 
is observed conductance (reciprocal of measured resistance) of the latex 
plus added soap solution, while Zp is the initial conductance of the latex. 
It will be observed that (ZL — Ly) rises from the origin along AB, and then 
breaks off at B to follow the linear curve BD. Here again point B corre- 
sponds to onset of soap micelle formation in the latex, and hence C and m 
can be obtained also, from the volume of titrating soap required to reach 
point B as determined by conductance measurements. 

The values of C/m calculated from the breaks in either the conductance 
or surface tension titration curves do not yield S,, but rather the moles 
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Fre. 2. Conductance titration of a latex with soap at 50°C. 


of soap per gram of polymer which have to be added to a latex to bring 
about micellization of the soap in solution. To obtain S,, a correction 
must be applied for this unadsorbed soap, and this correction, particularly 
with larger particle size latices, may amount to an appreciable fraction of 
the soap added. Furthermore, it is generally not valid to assume as the 
concentration of unadsorbed soap at the end point the cmc of the soap 
itself in aqueous solution, for most latices contain some electrolyte which 
modifies the cmc of the soap. Consequently, to make this correction we 
proceed as follows. The value of C obtained above must be equal to C2, 
the concentration of added and adsorbed soap, and C;, the concentration 
of unadsorbed soap in solution at the end point; 7.2, C = C. + C;. On 
division and multiplication of C, in this equation by m we obtain 


c= (2\m + 6, 
m 
= Sam+ C;. 


Now so long as the size of the polymer particles in a latex, or the nature 
of the adsorbing surface, or both, do not change, S, should be constant. 
Similarly C’;, the cme of the added soap in the given latex, should also be 
constant. Consequently a plot of several values of C corresponding to 
varying values of m should be linear, with slope equal to S, and y-intercept 
equal to C;. Figure 3 shows a typical plot obtained for C as a function of 
m. Its linearity establishes the validity of the above argument and permits 
the evaluation of both S, and C, from the titration data without the 
a priory assumption of a value for C;. 

In Figure 3 the solid points represent data obtained on a given latex 
by surface tension, and the open circles, by conductance. The fact that 
the data obtained by the two methods lie on the same straight line is 
evidence for the fact that the two methods yield identical results and that, 
where applicable, the two may be employed interchangeably. 


[3] 
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Fig. 3. Plot of C vs. m for latex. 


From the values of S, and S; the average surface area per gram and the 
average particle size are readily calculable. Since the initial soap present 
in the latex may be different from the soap added, the areas per molecule 
of adsorbed soap may also be different. Therefore, let A; be the effective 
area in A.” per molecule of soap initially present in the latex, and A, be 
the area per molecule of added soap. The surface area A in A.” per gram 
of polymer follows then as 


A = (S;A; + S.Ae)No [4] 
where Np is Avogadro’s number. The volume of 1 g. of polymer in A.’ is 
24 
ae ee) [5] 
p 


where p is the density of the polymer, which may be taken to be the same 

as that of the polymer in bulk if the latices have been stripped of unreacted 

monomer. From Equations [4] and [5] we find for v/A 
ot: 10s, 6] 
A ws (S; A; + S,Aa)Nop 

However, since the polymer particles are spherical, we also have that for a 

sphere of diameter D,, v/A = D,/6. Substitution of this relation into 

Eq. [6] yields then for D,, the average diameter of the latex particles in A., 


* 6 xX 10” 
= (S; A; ur SaAa)Nop 


% 9.961 
~ (8; A; + Sa Aa)p 


D, 
[7] 
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Equations [4] and [7] are the relations employed to calculate surface area 


per gram and the particle size of the latices from adsorption data. 


Since the particles in latices are generally not uniform in size, Eq. [7]. | 


yields a volume to surface type average diameter, 7.¢., 


Dy Reet is] | 


>: iD 


where f; is the fraction of the total number of particles having diameter | 
D,. This average is to be distinguished from other types of averaging, such | 


as number or weight (6). 
EXPERIMENTAL 


Determination of Initial Soap Content 


The initial soap content of the latices and soap solutions used was | 
determined by conductometric titration with HCl in 50% isopropanol- | 
water as solvent (7). In each case the latices were analyzed also for fatty | 
acid by similar means (7). To avoid at this stage possible complications by | 
free fatty acid, any of the latter present in the latices was neutralized by | 
addition of the requisite quantity of standard NaOH. Stock solutions of | 
the neutralized latex were rechecked then for initial soap content by con- | 


ductometric titration with HCl. 


Determination of Initial Rubber Content of Latices 


The initial rubber content of the stock solutions of latex was obtained | 
by coagulation of the rubber in given volumes of latex with 99% iso- | 
propanol, washing with this solvent and water, drying of the polymer | 


in vacuo, and weighing. 


Determination of C and m 


The procedures employed to determine these quantities were as follows: | 


a. Surface Tension Method. Twenty-five to fifty ml. of latex were 
placed in a 300- or 500-ml. flask; the flask was stoppered and immersed in 
a thermostat. When thermal equilibrium was established, a surface tension 
reading was taken. Next a given volume, say 1 or 2 ml., of standard soap 
solution was added, and the flask shaken with a rotary motion. After several 
minutes the surface of the latex was swept with a flattened glass rod or 
platinum foil, and the surface tension measured again. This procedure of 


soap addition, shaking, and surface tension measurement was repeated — 
until enough soap was added to the latex sample to yield several points — 


past break B in Fig. 1. The exact position of B was found by plotting as in 
Fig. 1 the observed corrected surface tensions versus the volumes of 
added soap. C and m were calculated then by Eq. [1] and [2]. 
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All surface tension measurements were made with a duNouy ring 
tensiometer modified to permit measurements on samples immersed in a 
thermostat. In each instance at least three readings were taken and 
averaged. The averaged ‘‘pull’’ values were corrected to yield surface 
tensions by means of a calibration curve constructed from the correction 
equation given by Zuidema and Waters (8) and based on the work of 
Harkins and Jordan (9). It is these corrected surface tensions which are 
plotted in Fig. 1. 

The above operations were repeated with several initial concentrations 
of rubber for a given latex to yield at least three values of C and m to be 
plotted as in Fig. 3. The slopes of such plots were taken then to obtain S,. 

b. The Conductance Method. The procedure here was very similar to the 
above, except that a conductivity cell replaced the Erlenmeyer flask, and 
a Wheatstone bridge the modified duNouy tensiometer. The cell employed 
is illustrated in Fig. 4. In this cell stirring was accomplished by alternate 
blowing and suction of the solution through one of the side arms. To 
avoid introduction of COs, the suction and blowing in of air was done 
through an ascarite tube. After.introduction of 25-40 ml. of latex the cell 
was placed in the bath, brought to temperature, and a resistance reading 
taken. This gives Ly) = 1/Ro. Soap was then added in aliquot volumes, 
the solution mixed, allowed to reach equilibrium, and its resistance 
measured to yield L. The procedure was repeated until enough points were 
obtained to show a break such as B in Fig. 2. 

In this work two a.-c. bridges were used, a portable 60-cycle Leeds and 
Northrup conductivity bridge, and a precision 1000-cycle Leeds and 


ASCARITE 


Fig. 4. Conductivity cell for latex-soap titrations. 
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Northrup Campbell-Shackelton assembly. For some solutions, where the 
conductance changes are pronounced, the former bridge does quite well, 
but in solutions where this is not the case, the more sensitive assembly 
must be used. 

Of the two methods described, the one utilizing surface tension is some- 
what faster and can be used in latices of any concentration. On the other 
hand, the conductance method may be applied satisfactorily only to 
latices of rubber contents up to 100-125 g. per liter. At higher rubber 
contents the changes in conductance on soap addition are generally too 
small to give sharp breaks at the saturation point. 

Except, where indicated, all measurements were made at 50°C. This 
temperature was chosen to permit the handling of fairly concentrated 
soap solutions, 0.05-0.25 N, for addition to latex without danger of gelation 
or curd segregation. The soap solutions were prepared and analyzed at 
50°C., and were kept and added to latex at the same temperature. 


Tue ErrectiveE MoutecutaR AREAS OF VARIOUS SOAPS 


Before the surface areas and particle diameters of the latices studied 
can be calculated from the experimental data, the effective areas occupied 
on the polymer surfaces by the various soaps used must be known. The 
manner in which these molecular soap areas were arrived at will now be 
described. 

In Table I are presented the results obtained on titration of nineteen 
latices with various soaps. The columns present in order the latex number, 
polymer composition, the nature of the initial soap, the initial soap content 


in equivalents per gram of polymer (S;), and the values of S, found on 


titration of the various latices with the indicated fatty acid soaps. The 
laurate, myristate, palmitate, stearate, and oleate soaps used for titration 
as well as for the preparation of the indicated latices were made from 
C.P. grade fatty acids obtained from the Amend Drug and Chemical 
Company in New York City. Potassium and sodium soaps were both used, 
since it was found that soaps containing these two cations gave identical 
results for S,. The latices containing OSR soap were either regular or 
special plant products prepared with the standard fatty acid soap employed 
in the plants for the preparation of these latices. The OSR soap employed 
for titration was also the same standard product. In all instances any free 
fatty acid present in the latices was neutralized with NaOH or KOH prior 
to titration. 

Inspection of the S, values found on titration of a given latex with 
various soaps reveals that these differ with the nature of the titrating soap. 
This variation may be due to exchange of the titrating soap with the 
initial soap already present on the surface or to the fact that the different 
soaps occupy different effective areas on the polymer surface at the cme. 
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TABLE I 
Soap Titration Results for Various Latices 
: Sa equiv./g. X 104 
pales Type Initial soap Beye. eee 
X 10 | Oleate Laurate ee pa Sie OSR 
236 70:30 BD-St* | Laurate 2.82 | 2.98 | 2.00 | 2.60 | — = = 
238 70:30 BD-St Laurate 1.14} — | 3.30} — = == = 
235 70:30 BD-St | Myristate | 2.51 | — | 1.49 | 2.09 | — = = 
240 70:30 BD-St | Oleate 1.53 | 3.76 | — | 3.37 | — — | 4.01 
19 70:30 BD-St | OSR 2.63 | 2.63 PP 
1% 70:30 BD-St | OSR Pipe Pay, || Ph BM 2.41 
205 70:30 BD-St OSR 2250 | 2,004 1.20 2.01 || 2.28 | 2.25 
220 70:30 BD-St | OSR 2.36 | 2.08 | 1.54 | 1.62 | — — | 2.37 
211 70:30 BD-St OSR 1.397 | 2.38 == 2.14 | 2.75 — 2.40 
210 70:30 BD-St | OSR 2.17 | 1.962-1.33 240° | 2.53 2.05 
14 70:30 BD-St | OSR 2.30 | 2.03 | — =— = 
242 70:30 BD-St | Oleate 0.89 | 3.02 | 2.04 | 2.50 — | 3.38 
204 70:30 BD-St | OSR 2.03 | 1.99 | 1.30 | 1.50 | 2.10 | 2.21 |—= 
242A | 70:30 BD-St | Oleate 0.89 | 2.78 = 
243 70:30 BD-St | Palmitate | 0.83 | 2.69 | — — |3.24} — — 
250 50:50 BD-St | OSR 230 i Mead | — | 143 22502 | 2.31 | Wese 
628 Polystyrene Oleate 1.07 | 2.45 | 1.93 — 
630 Polystyrene Oleate 0.80 | 1.89 = = = = 
629 Polystyrene Oleate 0.46 | 1.92 |} — | 1.58; — — — 


+ BD—Butadiene; St—Styrene. 


If exchange is present, then it is to be anticipated that the value of S, 
observed will depend on the nature of the titrating soap as well as the scap 
initially present. On the other hand, if the various soaps occupy different 
areas and no exchange is present, then the relative values of S, observed 
with various soaps should depend only on the soaps used for titration and 
be independent of the nature of the initial soap in the latex. 

That the latter is the case is shown by the data in Table II. Here the 
columns list for each latex the ratio of S, found for the given soap to that 
found with oleate. It will be observed that these ratios are fairly constant 
for a given soap and independent of the soap initially present in the latex. 
Consequently the variations in S, observed are due to the fact that different 
soaps occupy different effective molecular areas on the polymer surface. 
Furthermore, the average values of the ratios give the effective molecular 
areas of the soaps relative to that of the oleate molecule, and as soon as 
the area of the latter molecule is found, the areas of the other soaps would 
follow. 

The effective area occupied by the oleate molecule on the polymer 
surface was determined as follows. If we let Ao be the oleate area, and 
i, and k, the respective areas of the soap initially present and added to the 
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TABLE II 
Relative Molecular Areas of Various Soaps 
(Oleate = 1.00) 


Latex no. Laurate Myristate Palmitate Stearate OSR 
236 1.49 1.15 = = — 
240 — oe 7 == — 0.94 

19 — = = a 0.97 

17 = = — = 0.98 
205 1.67 — 0.99 0.88 0.89 
220 1.35 1.28 = = 0.88 
211 _— ial 0.87 — 0.99 
210 1.47 — 0.82 0.77 0.96 
242 1.48 1.21 a = 0.89 
204 1.53 1.33 0.95 0.90 _ 
243 — — 0.83 — — 
250 — 1.23 0.88 0.77 0.95 
628 1,27 — — — — 
629 — 1.22 — — — 


Average 1.47 + 0.09 1.21 + 0.06 0.89 + 0.05 0.83 + 0.06 0.94 + 0.03 


latex relative to that of the oleate, then A; = k;Ao, Aa = kaAo, and Kq. 
[7] becomes 


ae 9.961 
° ~~ (Sik; Ao + SakaAo)p 
from which D,Ao follows as 
9.961 


Se ROBIN CHEE 
Using the data in Table I and the ratios in Table II, D,Ao values for eight | 
latices were calculated by means of Eq. [9], and these are given in Table | 
III. For any given latex D,A» should be constant within experimental | 
error and independent of the nature of the titrating soap. Such is the case. 
The average values of D,Ao for these latices are shown in column 7 of the 
table. 

To resolve the product D,Ao, D, values for all the latices listed in 
Table III were obtained by electron microscopy in the manner already | 
described (6), and these are given in column 8 of the table. Division of | 
D,;Ao by Dy, yields the Ao values shown in the last column of the table. | 
These may be seen to be quite constant, and give 28.2 + 1.4 A.’ for the 
effective area of the oleate molecule. From the value of Ao for oleate and | 
the relative molecular soap areas of Table IT, we obtain finally the effec- 
tive areas for the various fatty acid soaps used here. These are summar- 
ized in Table IV. 


Table IV shows that for the saturated fatty acids the effective area 


[9] | 
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TABLE III 
Effective Area of Oleate Molecule 
DsAo X 104 
es Initial soap Titrating soap ot} Ay(A2.) 
Myris- Average 
Laurate tate Oleate | OSR 
236 Laurate 1.53 | 1.49 | 1.52 | — | 1.51 + 0.02 | 570 26.5 
238 Laurate 1.66 | — — os 1.66 630 26.3 
240 Oleate o 1.93 | 2.05 | 2.05 | 2.01 + 0.05 | 700 28.7 
235 Myristate | 2.07 | 1.95 | — — | 2.01 + 0.06 | 720 27.9 
220 OSR 2.42 |(2.60)| 2:52 | 2.44 | 2.46 + 0.04 | 790 Slak 
242A | Oleate — — | 2.968); — | 2.96 1100 26.9 
630 Oleate — — | 3.52 | — | 3.52 1270 2 sl 
629 Oleate — | 4.00 | 3.98 | — | 3.99 + 0.01 | 1300 30.7 
Average 28.2 + 1.4 
+ 5.0% 
TABLE IV 
Effective Molecular Areas of Fatty Acid Soaps 

Soap Relative area (Oleate = 1.00) Molecular area (A2.) 

Laurate 1.47 41.4 

Myristate 1.21 34.1 

Oleate 1.00 282 

OSR 0.94 26.5 

Palmitate 0.89 Maye 1 

Stearate 0.83 23.4 


occupied by a soap molecule on the surface of the latex particle decreases 
as the number of carbon atoms in the straight chain increases. This means 
that at the cmc the higher molecular weight soaps are adsorbed in a more 
condensed layer than are the lower molecular weight soaps. The unsat- 
urated oleate molecule occupies an area intermediate between the 14 
carbon chain myristate and the 16 carbon chain palmitate. Again the 
OSR soap, which is a mixture of oleate, palmitate, and stearate, yields 
an effective area intermediate between oleate and the other two soaps, 
which is as expected. a4 

Another important point indicated by these areas is that the soaps are 
adsorbed in a monolayer. The cross-sectional area of a straight-chain 
saturated fatty acid soap is ca. 21 A.”. If the soaps were adsorbed in multi- 
layers, the effective molecular areas of the various soaps would have to 
be below this figure. Actually, however, the stearate molecule gives an 
effective area which is very close to that for a condensed monolayer, while 
the other soaps show areas which indicate greater or lesser degrees of 
monolayer expansion at the micellization point. 
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ParricLE DIAMETERS AND SURFACE AREAS OF Various LATICES 


By combining the molecular soap areas given in Table IV with the ti- 
tration data of Table I, the particle sizes and areas per gram of the various 
latices studied are readily calculable now through Eqs. [7] and [4]. The 
results of these calculations are summarized in Table V, where for com- 
parison are given also the particle diameters and areas determined for 
eight of the latices by electron microscopy. The areas mn Table ny are ex- 
pressed in square meters per gram, and are the values in A.” yielded by 
Eq. [4] multiplied by 10°”. The densities employed in Eq. [7] were 0.919 
for the 70:30 BD-St polymer, 0.971 for the 50:50 BD-St rubber, and 1.05 
for polystyrene. In the last column of the table is given also the percentage 
of the total polymer surface covered initially with soap. This percentage, 
P;, is given in terms of the titration data by 


S;4; 
sos 4 4 i 10 
ea (x + Sa x) 10] 


Inspection of the results presented in Table V reveals excellent concord- 
ance in the values of D, obtained on titration of a given latex with various 
soaps. Further, the agreement in both D, and A, as obtained by soap titra- 
tion and electron microscopy, is quite satisfactory. Finally, perusal of the 
last column of the table shows that, depending on the initial soap content, 
latices may vary widely in the extent of surface coverage by soap. Actually, 


TABLE V 
Particle Diameters and Surface Areas of Various Latices 
D;(A.) A(m.?/g.) 
jeter Initial soap Titrating soap Average! Bless Soap pics Pi 
Lau- | Myri-| Ole- Palmi-| Stea- ead micro- ae micro- 
rate | state | ate | OSR | tate | rate SEQ ES seg ce 
236 Laurate 540 | 530 | 540) — _ _ 537 + 4 570 122.5 114.5 | 57.8 
238 Laurate 590 590 630 110.7 103.6 | 25.7 
235 Myristate 730 | 690 | — aoa = = 710 + 20 720 91.5 90.7 56.5 
240 Oleate = 680 | 730 | 730) — _ 713 + 22 700 91.7 93.3 28.4 
19 OSR — —_ 750 | 770 | — = 760 + 10 = 86.1 _ 48.8 
17 OSR — — 860 | 880 | — —s 870 + 10 = 75.3 _ 47.8 
205 OSR 920 | 810 | 870} 850] 910) 890] 875 + 33 = 74.7 _— 55.1 
220 OSR 860 | 920} 890] 870] — — 885 + 20 790 73.1 82.6 | 51.0 
211 OSR — 870 | 910] 940 | 900] 980] 920 + 32 — 72.3 _ 44.1 
210 OSR 960 | 840) 960 | 970] 920] 930] 930 + 33 — 70.9 — 49.4 
14 OSR — _ 920 | 970} — _- 945 + 25 — 69.7 _ 53.2 
242 Oleate 990 | 980} 980] 950] — _ 975 + 13 — 67.0 —_ 22.6 
204 OSR 1010 | 1030 | 990 | 1050 | 1020 | 1030 | 1022 + 15] — 64.0 — | 50.7 
242A Oleate — _ 1050 | — — _— 1050 1100 62.2 59.4 | 24.3 
243 Palmitate = _ 1120 | — 1060 | — 1090 + 30 = 59.9 _ 21.0 
250 OSR — 920 | 910 | 910 | 900} 880} 904 + 11 = 68.8 _ 55.4 
628 Oleate 860 | — 960 | — — _ 910 + 50 ae 63.1 _ 28.9 
630 Oleate = _ 1250 | — — _— 1250 1270 45.7 45.0 | 29.7 
629 Oleate — | 1420/1410) — | — | — | 1415 +5 | 1300 | 40.4 | 44.0 | 19.4 
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the figures shown are the upper limits for this coverage for the given lati- 
ses, since the free fatty acid in these latices has been neutralized. In 
the latices containing some unneutralized fatty acid the extent of sur- 
face coverage by soap is actually lower. These variations in the extent of 
surface coverage with soap are reflected in the variations observed in 
the stability of the various latices. 


Errect oF Free Farry Acrp 


In all the experiments described heretofore any free fatty acid present 
n the latices has been converted to soap by addition of base. Since, how- 
ever, most latices prepared with fatty acid soaps generally contain some 
ree fatty acid, unless their pH has been adjusted to 10 or higher, it is of 
nterest to investigate what effect this free acid has on the soap titration 
nethod presented here. 

To check this point, three of the latices which have already been stud- 
ed, Nos. 14, 17, and 19, were retitrated with OSR soap without prior 
1eutralization of the free fatty acid. The results obtained, as well as the 
sorresponding ones for the neutralized latices, are summarized in Table 
VI. It will be observed that in all instances the value of S, obtained with 
she unneutralized latices is larger than that for the neutralized ones. 
However, in both titrations the sum of S; + Sa ts essentially constant for a 
yiven latex. This means that the free fatty acid, if adsorbed, is completely 
eplaced on the polymer surface by the added soap and behaves in the 
soap titration as if it were not present in the system. Consequently, latices 
an be titrated directly without prior neutralization of the free fatty 
.cid, provided that only the initial soap present as such is determined and 
ised in the calculation of the particle size and surface area. The validity 
yf this statement is borne out by the last item in Table VI, where the D, 
values calculated from the (S; + 8S.) values for the unneutralized and 
1eutralized latices are compared. Within experimental error these are 


dentical. 
Errect oF TEMPERATURE 


All the measurements described heretofore were made at 50°C. A ques- 
ion which arises is whether the effective surface areas determined at this 


TABLE VI 
Soap Titration of Latices with Unneutralized Fatty Acid 
Quantity Cee neteatral. Gere Nesae: aera ate 
See 02 1.68 2.30 1.60 2.25 ill 2.63 
Sa X* 10? 2.46 1.92 2.94 2.41 hg B) Se 
(Si + Sa) X 104 Ast4e® “429 4.54 4.66 5.26 585 


D,(A.) 950 970 860 880 760 770 
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temperature are also valid at temperatures nearer to room temperatul 
To check this point a 70:30 BD-St latex containing initially 2.50 X 10 
equivalents of OSR soap per gram of rubber was titrated with sodium 
oleate at 50°C. and 35°C. The results obtained for S, at the two tempera- 
tures were, respectively, 2.05 X 10* and 2.00 X 10 ~ equivalents per 
liter. These data, and the densities of the polymer at the two respective 
temperatures, 0.919 and 0.927 g. per cubic centimeter, yield D, = 861 A. 
at 50°C. and D, = 863 A. at 35°C. Consequently, the effective soap areas 
given in Table IV are applicable at 35°C. as well as at 50°C., and in all 
probability would be valid also for use at room temperature. 


SIMPLIFIED PROCEDURE FOR SuRFACE AREA AND PARTICLE SIZE 


The method as described heretofore calls for the determination of } 
several values of C at differing values of m, the construction of a C vs. m | 
plot, and the evaluation of the slope of the curve to obtain the sought 
S,. This procedure is rather lengthy and tedious when routine particle 
size and surface area determinations are run on a particular type of latex 
by titration with a single specific soap. Under such conditions it is gener- 
ally found that the value of C; for the system used is quite constant; and, 
once this value of C; is determined, it is possible to reduce the measure- 
ments to a single titration as follows. Division of Eq. [3] by m and rear- 
rangement yields for S, 


Sa = | [11] 


and consequently a single determination of C’ and m is sufficient to yield 
Sas 

Table VII shows some data to illustrate how well this single titration 
procedure operates. In this case a particular type of latex has been titrated 
with sodium oleate at 50°C., and it has been found from C vs. m plots | 
that C; is essentially constant and equal to 33 X 10° mole per liter. This 
value of Cy was used then with some single titration data to obtain S, by 
Kq. [11]. Table VII compares the results with those deduced graphically. 
The agreement may be seen to be satisfactory. 


TABLE VII 
Test of Simplified Procedure for Evaluation of Sa 
Latex m C X 104 ae 
Eq. [11] Graphical 
I 139.5 326 2.10 2.03 
II 134.5 350 2.35 2.37 
WOE 130.0 372 2.61 2.63 
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Discussion 


The method described in this paper has been applied in our laboratory 
to hundreds of latices, and it has proved to be very reliable and repro- 
ducible, particularly when applied to latices of particle size below 2000 A. 
in diameter. In larger particle latices the initial soap contents and the 
amounts of additional soap required are low, and hence great care must’ 
be exercised in the determination of these. In such instances it is advisable 
to titrate larger samples of latex than indicated here. 

The only serious difficulty encountered has been with latices which 
contain besides soap also electrolytes or other emulsifiers which titrate 
along with soap on addition of HCl during the conductometric determina- 
tion of the initial soap content. Under such conditions it has been found 
necessary to isolate the soap from the latices prior to analysis. Generally 
the auxiliary emulsifiers found in some latices cause no trouble during the 
determination of S,. In such titrations they behave like free fatty acid, 
and they are displaced from the surface of the latex particles by the more 
strongly adsorbed soap. 


ACKNOWLEDGMENT 


This work was performed as a part of the research project sponsored by the Re- 
construction Finance Corporation, Office of Synthetic Rubber, in connection with 
the Government Synthetic Rubber Program. 


REFERENCES 


|. Kurvens, H. B., J. Colloid Sci. 2, 365 (1947). 

2. Borpers, A. M., anp Pierson, R. M., Ind. Eng. Chem. 40, 1473 (1948). 

3. WILSON, E. A., Mriuuer, J. R., anD Rowz, E. H., J. Phys. & Colloid Chem. 638, 
357 (1949). 

|. Maron, 8S. H., Mavow, B. P., anp Krizcer, I. M., J. Colloid Sci. 6, 584 (1951). 

5. Morton, M., Savatretto, P. P., anp Lanprieyp, H., J. Polymer Sci. 8, 
279 (1952). 

}. Maron, S. H., Moors, C., anp PowE.L, A.S., J. Appl. Phys. 28, 900 (1952). 

’. Maron, S. H., Utevircen, I. N., anp Exper, M. E., Anal. Chem. 21, 691 (1949); 
ibid. 24, 1068 (1952). 

. ZuipeMA, H. H., anp Waters, G. W., Ind. Eng. Chem. 18, 312 (1941). 

. Harkins, W. D., anv Jorpan, H. F., J. Am. Chem. Soc. 52, 1751 (1980). 


DETERMINATION OF SURFACE AREA AND PARTICLE SIZE OF 
SYNTHETIC LATEX BY ADSORPTION 


II. LATICES CONTAINING ROSIN ACID SOAPS 


Samuel H. Maron, Max E. Elder, and Carl Moore 


Physical Chemistry Laboratory, Department of Chemistry and Chemical 
Engineering, Case Institute of Technology, Cleveland, Ohio 


Received September 17, 1953; revised February 13, 1954 


ABSTRACT 


The soap titration method (1) for determination of synthetic latex particle size 
and specific surface area, applied before to latices containing fatty acid soaps, has 
been extended to include latices prepared with rosin soaps of various kinds. In 
this connection it was found that only conductance is a reliable means of following 
the titration, since surface tension measurements give curves from which it is diffi- 
cult to ascertain the end point. 

Effective molecular surface areas have been determined for the sodium and po- 
tassium soaps of K-wood rosin, Resin 731, Pexite 42, and Gum 42. The areas for 
the two soaps of a given rosin acid are identical. Furthermore, the areas remain 
constant between 25° and 50°C. 


Free rosin acid in a latex does not interfere with the titration and behaves as if — 


it were not present in the system. Hence it is not necessary to neutralize the free 
rosin acid prior to the addition of soap. 


It was also found that fatty acid soaps can displace, at least partially, rosin 
soaps from the polymer surface. The reverse displacement, 7.e., of fatty acid by 
rosin soaps, does not occur. These observations indicate that fatty acid soaps are 
adsorbed more strongly by the polymer than are the rosin soaps. 


INTRODUCTION 


In the first paper of this series (1) was presented a detailed adsorption 
procedure for the determination of the particle size and surface area of 
synthetic latices. The method involves the titration of a latex of known 
polymer and soap content with a standard soap solution until the critical 
micelle concentration (cmc) is reached. From a knowledge of the amount 
and kind of soap adsorbed at the cme, and the effective molecular area of 
the soap on the surface, the surface area of the particles per gram, A, and 


the average particle diameter, D,, can be calculated by means of the 
equations 


A = (S;A; + SgA.)No in AZ [1] 


>. 
(S;4; te Sa Aa)p 
104 


n A. [2] 
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Here S; is the initial soap content of the latex in equivalents per gram of 
polymer, S, the equivalents of titrating soap adsorbed per gram of poly- 
mer at the cmc, A; and A, the effective molecular soap areas of the initial 
and added soap, respectively, and p is the density of the polymer. S, is 
obtained by titrating several solutions of varying polymer content and 
ascertaining the concentrations of added soap C and polymer content m 
at the titration end point. Then 


C = Sam + C,, [3] 


where C’; is the cme of the soap in the latex, a constant, and hence a plot 
of C vs. m is linear, and S, follows from the slope of the line. 

The first paper (1) dealt with the application of the method to the de- 
termination of the surface area and particle size of the polymer in latices 
containing fatty acid soaps as the emulsifying agents. The purpose of this 
paper is to show how the method may be extended to latices prepared 
with rosin acid soaps, and to present some results obtained on systems of 
this type. 


EXPERIMENTAL 


The rosin soaps used here were the sodium and potassium salts of K- 
wood rosin of the type normally used in the preparation of latices, and 
the following rosin soaps supplied through the courtesy of the Hercules 
Powder Company: Dresinate 731, 214, 87, 90, and 89. The properties of 
these dresinates have already been described (2). Dresinates 731 and 214 
are, respectively, the sodium and potassium salts of Resin 731, Dresinates 
87 and 90 are the sodium and potassium salts of Pexite 42, and Dresinate 
89 is the potassium salt of Gum 42. 

Solutions of the rosin soaps were prepared by dissolving approximately 
60 g. of the particular dresinate in a liter of distilled water. Each solution 
was checked first for free rosin acid content by conductometric titration 
with base in 50% isopropanol (8a), and any free acid found was neu- 
tralized with NaOH or KOH, as required. Finally the soap content of 
each solution was determined by conductometric titration with acid (8a), 
and the solution diluted to approximately 0.1 N. The latter solutions were 
used then to titrate the latices. 

The K-wood rosin soaps were prepared by dissolving the rosin in KOH 
and NaOH, adjusting the solutions until no free rosin was present, and 
then analyzing them for soap in the same manner as the dresinates. 

The rosin soap latices used were mostly commercial products of regular 
or experimental production. The polymer, soap, and rosin acid contents of 
these latices were determined as described before (1, 3b). Any free rosin 
acid found was neutralized by the addition of the appropriate base. Ex- 
cept where otherwise indicated, all the results given here are for these 
neutralized latices. 
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Titration of the latices with soap was conducted by the same procedure 
as used with fatty acid soaps (1). The temperature was again 50°C., ex- 
cept where the effect of temperature was being investigated. 


BEHAVIOR OF LATICES ON TITRATION WITH SOAP 


It was shown before (1) that with fatty acid soaps both surface tension 
and conductance measurements constitute equally satisfactory means 
of determining the soap titration end point. However, this is not the case 
with rosin soaps. When a latex is titrated with a rosin soap and the titra- 
tion is followed by measurement of surface tension, we obtain a plot such 
as shown in Fig. 1. Whereas in the case of fatty acid soaps the plot con- 
sists of two intersecting straight lines from which the end point can be 
ascertained unambiguously, with rosin soaps the branch AB is curved, 
and it thus becomes difficult to obtain the end point, which is actually 
at point B. Consequently surface tension 7s not a satisfactory means of fol- 
lowing the titration of latices with rosin soaps. On the other hand, con- 
ductance works well here, as may be seen from Fig. 2, where a plot is 
is given of (LZ — Ly) vs. ml. of added soap. (L — Lp) is the difference be- 
tween the conductance at any stage of the titration and the conductance 
of the latex sample prior to addition of soap. For this reason only con- 
ductance was employed to follow the titration of latices with rosin soaps. 

The shapes of the conductance titration curves which have been ob- 
served in this and prior work are not always those shown in Fig. 2. With 
latex samples of relatively high rubber content the conductance of the 


¥-SURFACE TENSION 


ce) 2 4 6 8 10 12 14 
ML. OF ROSIN SOAP ADDED 
Fig. 1. Surface tension titration of latex with sodium soap of K-wood 
rosin at 50°C. 
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0 2 4 6 8 ite) 12 14 
ML. OF ROSIN SOAP ADDED 


Fig. 2. Conductance titration of latex with sodium soap of K-wood 
rosin at 50°C. 


latex-soap mixture may actually fall below that of the latex itself in the 
initial titration stages. However, we have found that the exact course of 
(ZL — Ly) vs. ml. of added soap is unimportant so long as the break in the 
curve is observed. The sharpness of the break and the shape of the curve 
observed are functions of the relative conductances of the latex and soap 
solutions used. When these are close together, the break may not be 
sharp and may, in fact, be non-existent for some combinations of con- 
ductances. Under these conditions, a change in the rubber content of the 
latex solution used or the concentration of the soap solution employed 
for titration readily rectifies the situation and sharpens the end-point 
detection. 

In Figure 3 is given a typical plot of C vs. m for a latex titrated with 
rosin soap. As found with fatty acid soaps and latices (1), the plot is linear 
in line with Eq. [3], and its slope yields S, , the moles of added soap ad- 
sorbed per gram of polymer at the cmc. 

Such straight lines for C vs. m plots have been observed not only with 
rosin latices titrated with rosin soaps but also on titration with rosin 
soaps of latices containing fatty soaps. However, when C vs. m plots were 
prepared from data obtained by titration of rosin latices with fatty acid 
soaps, the lines were no longer straight but concave downwards. This 
behavior was traced to exchange of added fatty acid soap for rosin soap 
adsorbed on the polymer surface. It indicates that fatty acid soaps are 
adsorbed more strongly than rosin soaps. Still, the exchange is not com- 
plete at the cme, and hence it is not advisable for the purpose at hand 
to titrate rosin-containing latices with fatty soaps. 
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Fig. 3. Plot of C vs. m for latex titrated with sodium soap of 
K-wood rosin. 


EFFrEcTIVE SuRFACE AREAS oF Rosin Soar MOLECULES 


The scheme employed for evaluation of the effective molecular areas of 
the dresinates involved the titration of several fatty acid soap latices first 
with oleate and then with the various rosin soaps. Since, as was pointed 
out above, rosin soaps do not displace fatty acid soaps from the polymer 
surface, then the amount of added oleate adsorbed per gram by a given 
latex at the cme, (Sz)oleate , 1S equivalent in effective surface coverage to 
the amount of added dresinate adsorbed by the same latex, (Sa)aresinate « 
Consequently 


Adrosinaté (S35) dvesinate = A oleate (Se) oleate ) 


where Aaresinate 2Nd Aoteate are the effective molecular areas of the two 
soaps, and 


(S Jet at | 
A resinate — As eate ———— : 
: = FS dresinate ia] 


With the oleate area known as 28.2 A. (1), a determination of the S, ratio 
is sufficient to yield A dresinate - 

In Table I are summarized the data obtained on titration of three fatty 
acid soap latices with oleate and the various dresinates. The latices con- 
tained 70:30 butadiene-styrene polymer and were prepared with OSR 
(standard Office of Synthetic Rubber) soap. The second column of the 
table lists the initial soap content of the latices, the third column S, for 
the oleate, and the remaining columns give the found ratios for GSa)oteatays 
(Sa)aresinate- It will be observed first that for a given rosin acid these 
ratios are essentially the same for the sodium and potassium soaps, and 
hence they depend only on the nature of the soap anion. Second, within a 
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TABLE I 
Effective Molecular Areas of Rosin Soap Molecules 
Latex | S; < 104 | Se X 104 Sa oleate/Sa dresinate 
no. (OSR) Oleate 
K-wood rosin Resin 731 Pexite 42 Gum 42 
1 2.16 2.03 1.25 (Na) 1.48 (Na) — oe 
— 1.62 (K) 1.48 (K) 1.33 (K) 
2 2523 DRO. 1.27 (Na) 1.57 (Na) 1.50 (Na) — 
1748) (EO) 1.57 (K) a 1.46 (K) 
3 2.80 2.44 1.23 (Na) 1.60 (Na) 1.43 (Na) — 
ILA (GS) 1.45 (K) 1.46 (K) 1.35 (K) 
Average 1.25 + 0.02 | 1.55 + 0.05 | 1.47 + 0.02 | 1.38 + 0.05 
+ 1.6% + 3.2% + 1.4% + 3.6% 
Mffective molecular Ome 43.7 41.5 38.9 
area (A.?) 
TABLE II 
Particle Diameters Calculated from Soap Areas 
Ds (A.) 
Titrating soap = 
Latex no. 1 Latex no. 2 Latex no. 3 
er LOOMED 3 Re Met tes ot 950 870 760 
MEETOOC TORING so! «cine suis’ wlsaraconday Deke 950 880 750 
~-<ySimy ASSL BE ae her Aes re cae aetna 950 870 750 
- ci@ ZTE ret aR ana ye ene 950 880 750 
SRTMCAD Ot Seen een ne 930 890 750 


mall percentage error the ratios, as expected, are constant for a given 
osin acid and independent of the latex used. Employing then the average 
alues of these ratios in Eq. [4], we obtain the effective surface areas 
iven at the bottom of the table for soaps of the four rosin acids in ques- 
ion. 

As a check on these areas, there are given in Table II the particle sizes 
f the three latices calculated from the data given in Table I. The agree- 
2ent among the results yielded by the four rosin soaps and oleate is ex- 
ellent. 


PARTICLE SIzE AND SuRFACE AREA OF SOME Rosin Soap LATICES 


With the effective surface areas available, particle size and surface area 
eterminations were run on ten rosin soap latices, in which any free rosin 
cid present was neutralized with base prior to soap titration. In each 
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TABLE III 
Particle Size and Surface Area of Some Rosin Soap Latices 

Latex no. Type* Initial and added soap Sj; X10! Sa X10! Ds (A.) A(m.2/g.) las 
301 50 BD-50 St K-wood rosin 2.89 0.69 810 75.9 80.7 
302 50 BD-50 St K-wood rosin 2.26 1.56 760 80.0 59.2 
303 50 BD-50 St K-wood rosin 2.51 0.62 930 66.3 80.2 
304 50 BD-50 St K-wood rosin 2.73 0.48 910 68.0 85.0 
305 50 BD-50 St K-wood rosin 2.39 0.69 950 65.3 eo 
312 50-BD-50 St K-wood rosin 2.41 0.71 930 66.1 77.2 
311 50 BD-50 St  Dresinate 90 Ibe! 0.98 1130 54.7 55.3 
319 50 BD-50 St Dresinate 214 1.61 2267 550 112.6 30.0 
251 75 BD-25 St Dresinate 731 2.24 1.79 620 106.0 55.6 
604 75 Is-25 St Dresinate 731 2.77 2.19 500 130.5 55.8 


¢ BD—Butadiene; St—Styrene; Is—Isoprene. 


instance the same soap was used for titration as was present in the latex 
initially. The results obtained are summarized in Table III. The values 
of D; were calculated from S; and S, by means of Eq. [2] using p = 0.971 
for the 50:50 BD-St polymers at 50°C., and p = 0.919 for the 75:25 BD- 
St and Is-St polymers. The area per gram, A, was calculated from Equa- 
tion [1] and converted from A.” to square meters by multiplication by 
10°”. Finally, P; is the percentage of the total area initially covered by 
the soap and is given by 

S; A; NL [5] 


S;A; ae SaAa 


Inspection of the table reveals that the K-wood rosin latices, which 
were all commercial Type III products, range in particle diameter from © 
ca. 700-1000 A., and exhibit initial surface coverage with soap of 60-85 %. 
The remaining latices, which were all experimental, show, on the other 
hand, considerably greater variation in particle size and initial surface 
coverages with soap ranging from 38 to 56%. 


P; = 100 ( 


Errect oF Frere Rosin Acrip 


In the titration of latices containing fatty acid soaps as well as free 
fatty acid, it was observed that the free fatty acid is completely replaced 
from the polymer surface by the soap added during the titration (1). To 
ascertain whether rosin soap latices containing free rosin acid behave the 
same way, three such latices were titrated with and without neutraliza- 
tion of the free fatty acid with base. The results obtained are sbown in 
Table IV. In this table S..ia represents the equivalents of free rosin acid 
per gram of polymer present in the latex, and (\S; + Sq) is the total equiv- 
alents of soap adsorbed by a gram of the polymer at the cme. It will be 
observed that for each latex the latter quantity is essentially constant. 
This means that free rosin acid, if adsorbed by the polymer, is completely 
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TABLE IV 
Soap Titration of Latices with Unneutralized Rosin Acid 
Latex no. Initial and added soap Sacid X 104 (Si + Sa) X 104 Ds (A.) 
4 K-wood rosin 0.00 3.01 970 
0.62 3.00 970 
5 Dresinate 214 0.00 4.12 570 
irs 4.00 590 
6 Dresinate 731 0.00 4.83 490 
0.51 5.03 470 
TABLE V 
Effect of Temperature on Titration of Rosin Latices 
Latex no. - Initial and added soap Si X 104 Temp., °C. Sa X 104 Ds (A.) 
302 K-wood rosin 2.26 50 1.56 763 
25 1.49 765 
604 Dresinate 731 PISHTE 50 2.19 500 
25 MICE 496 


displaced from the surface by the added soap, and hence the system be- 
haves during the titration with rosin soap as if the free rosin acid were 
not present. Consequently, with rosin latices, as with the fatty soap ones, 
only the initial soap content of the latex need be considered in the titra- 
tion for surface area and particle size determination. That this is true is 
evidenced further by the particle sizes of the latices given in the last 
column of Table IV, and calculated from the (S; + S,) values. The agree- 
ment between the results for the neutralized and unneutralized latices is 
excellent and independent of the amount of rosin acid present. 


Errect oF TEMPERATURE 


In Table V are shown data obtained on two rosin soap latices titrated 
at 50°C. and 25°C. Using the soap areas given in Table I and taking into 
consideration the changes in the polymer densities with temperature, we 
obtain the particle sizes given in the last column of the table. The fact 
that these are identical for each latex at the two temperatures indicates 
that the effective soap areas remain constant between 25° and 50°C. and 
that the values given in Table I for these areas may be used over this 


temperature interval. 
CONCLUSIONS 


The results presented in this paper show that the soap titration method 
for determination of synthetic latex particle size and specific surface area 
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is applicable to latices containing rosin soaps as well as to those prepared 
with fatty acid soaps. The only difference found in the application of the 
method to rosin latices is that with these only conductance is a reliable 
means for ascertaining the titration end point, whereas with fatty acid 
soaps and latices both conductance and surface tension work equally 
well. 
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INTRODUCTION 


It is still a matter of some obscurity whether an enzyme molecule, after 
having been unfolded at an interface, may still retain its activity, and 
whether, if unfolding does involve inactivation, the molecule may be restored 
bo an active configuration by a simple process of desorption and refolding. 

All enzymes cannot, of course, be supposed to behave similarly in this 
respect. Where the activity is due to a prosthetic group of nonprotein na- 
ture, the properties of which are determined by its immediate structural 
affinities, it is not excluded that this group and its mode of binding to the 
protein may be preserved during the unfolding process. Under these cir- 
sumstances the activity may well be retained by the molecule in the un- 
folded state, even though it be altered quantitatively by steric factors. In 
sases, however, where an enzyme owes its activity to the mutual disposition 
xf a number of centers on the molecular surface, which disposition is modi- 
ied by the spreading process, it would seem improbable that activity could 
survive the unfolding, while any restoration of activity on desorption 
vould be determined by the thermodynamic probability of the active con- 
iguration. 

Evidence has been brought forward that certain enzymes, when spread 
1s films at the air—water interface and transferred to media containing 
heir specific substrates, continue to display activity. Such experiments 
1ave been carried out by Gorter (1) (1936); Langmuir and Schaefer (2, 3) 
1938, 1939); Sobotka and Bloch (4) (1941); Mazia, Hayashi, and Yudo- 
witch (5) (1947); Hayashi and Edison (6) (1950); and Kaplan (7) (1952). 
[he earlier work has been reviewed by Rothen (8) (1947). With the single 
xception of Langmuir and Schaefer, none of these authors present suffi- 
ient data to enable the reader to decide whether or not the protein mole- 
ules had unfolded to the maximal extent before the enzymic activities were 
stimated. The last-named authors, after spreading pepsin under incom- 
letely specified conditions, transferred the film after compression to metal 
lides, measured its thickness interferometrically, and estimated its enzymic 
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activity by determining the rate at which it clotted milk. Although mean } 
film thicknesses as low as 12 A. were recorded (as against the commonly | 
accepted value of 9-10 A. for a fully extended polypeptide chain), it must | 
be remarked that the most striking retention of activity by the films was } 
observed with impure pepsin, where foreign protein, bound to the active 
centers of the enzyme, might have a stabilizing action upon their configura- 
tion. In their corresponding experiments with crystalline urease, Langmuir 
and Schaefer recorded film thicknesses of 7-43 A. There appears, however, : 
to have been a rough positive correlation between the thicknesses of the | 
films and their enzymic activities, and in no case did the activity exceed 2% | 
of that of the corresponding amount of enzyme in bulk solution. In their 
later paper, Langmuir and Schaefer (1939) incline to the view that their 
pepsin films were inactive in the fully spread and adsorbed state but were 
re-endowed with activity after desorption from the slides by an unknown 
factor in the milk used for the estimations. As far as we can judge, however, 
their results are fully in keeping with the view that the active enzyme had 
never been in a state of complete unfolding. 

Hayashi and Edison (1950) and Kaplan (1952) dismiss as irrelevant the 
argument as to whether activity is retained by fully unfolded protein films. 
The former authors remark, for example: ‘‘Whether these molecules can be 
more completely spread is not the question; the point is that they are in a 
physically different state from the same molecules in solution.” This ap- 
proach to the problem, however, is attended by the difficulty that the 
“physically different state” of the autodigestible pepsin-albumin fibers of 
Hayashi and Edison and of the active catalase fibers of Kaplan is, as far as 
the individual molecules are concerned, rather poorly defined!. 

Thus, although ample evidence has been provided that enzyme molecules 
associated with a protein film at the air-water interface may retain their 
biochemical activity, no satisfactory data are available as to the degree to 
which this retention of activity is associated with incomplete unfolding. 
The investigation described in this paper was an attempt to provide such 
data in the case of a single enzyme, pepsin. 


EXPERIMENTAL 


Attempts were made to remove pepsin films from the surface of a Langmuir trough 
by suction. This method was highly successful at pH values in the region of 6, where 
the films showed low tensile strength at surface pressures of about 2 dynes per centi- 
meter and could be withdrawn from the surface almost quantitatively, accompanied 


1 After this paper had been submitted for publication, it was brought to our atten- 
tion that Mazia and Hayashi (9) (1953) had recently established a loss of autodigesti- 
bility in fibers drawn from completely spread films of the pepsin-albumin complex. 
This finding is in full concord with our results, which nevertheless concern a different 
aspect of the problem, in that they derive from measurements of enzymic activity, 
rather than from observations of the lability of an enzyme-substrate complex. 


SURFACE INACTIVATION OF PEPSIN 115 


oy only some 3 ml. of substrate. The activity of the enzyme thus removed was found 
:0 be very low, despite incomplete spreading, when tested on methemoglobin solu- 
tions at pH 1.8. We attributed this to mechanical inactivation in the region of the 
suction nozzle. 

A technique similar to that of Gorter (1936) was applied with some success. Films 
were spread at the surface of 0.01 N HCl in a polythene funnel. Below the surface was 
mounted a fine nylon net on a circular polythene frame. When the water level was 
lowered, the film was largely retained by the net, which was transferred in its entirety 
to a Petri dish containing methemoglobin substrate for the activity determination. 
The procedure had the disadvantages, however, that it was difficult to achieve a good 
fit between the net and the sides of the funnel and to prepare a series of nets with 
similar characteristics. 

The method finally adopted was the following: 

The rim of a porcelain Buchner funnel, internal diameter 15 cm., was ground flat. 
Both the rim and the interior, with the exception of the perforated plate, were ren- 
dered hydrophobic with a thin layer of pure paraffin wax. The funnel was carried by a 
filter flask, to the side tube of which a two-way tap was connected. By way of this 
tap, suction could be applied from a filter pump. Alternatively, the pressure in the 
flask could be brought to atmospheric, or to the value corresponding to the head 
of liquid in the funnel. 

When an experiment was to be performed, a filter paper (Postlip 633A), fitting the 
funnel with not more than 1 mm. clearance, was inserted and about 500 ml. 0.01 
N HCl was run through into the flask. The side tube was closed and the funnel filled 
to the brim with 0.01 N HCl. The surface was cleaned in the usual manner with 
paraffined glass barriers and suction. The level of liquid was then cautiously lowered 
to within 5 mm. of the surface of the filter paper, after which the side tube was closed 
and excess pressure was allowed to build up in the flask until not more than two drops 
of liquid passed through the funnel per minute. A pepsin solution (0.8 mg. per milli- 
liter) was applied to the liquid surface with an Agla micrometer syringe in droplets 
of about 0.4 ul. The time at which half the requisite amount of protein had been 
applied was taken as zero spreading time. The rate of application was about 30 ul. 
oer minute. When the desired period of spreading had almost elapsed, the pressure 
n the flask was reduced to atmospheric by opening the tap and the liquid was allowed 
;0 flow slowly through the funnel. The time when no free water surface remained in 
she funnel was recorded as the end of the spreading period. After 30 seconds, the paper 
was removed with blunt forceps and placed, with its upper face downwards, in a 
Petri dish of 15.4 cm. internal diameter containing a mixture (pH 1.8) of 25 ml. 2% 
‘w./v.) bovine hemoglobin and 10 ml. 0.14 N HCl. This dish and its contents had been 
neubated at 37°C. in an air incubator for 30 minutes. A stop clock was started and the 
lish was covered with a glass plate and returned to the incubator. At the end of a 
0-minute period, the paper was removed from the dish with forceps, 5 ml. 2N tri- 
hloroacetic acid was added to the digestion mixture, and the solutions were rapidly 
nixed with a violent rotatory motion. The paper was returned to the dish and the 
nixing repeated. The paper was then drained and discarded. The suspension was 
iltered through Whatman No. 30 paper. 10 ml. of the clear filtrate was transferred 
o a 50-ml. measuring flask, made alkaline with 10 ml. VN NaOH, and treated, during 
haking, with 3 ml. Folin-Ciocalteu phenol reagent (diluted three times). The flask 
yas immediately made up to the mark and the contents mixed. The extinction co- 
fficient was read after 3 minutes in the Spekker photoelectric absorptiometer (1-cm. 
ells, Ilford red filter No. 608). 

Blank determinations were made at frequent intervals in precisely the manner 
lescribed above, but in the absence of a pepsin film. 
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[Values for the activity of unspread enzyme (activity at ‘‘zero spreading time’’) 
in amounts equal to those employed in the film experiments, were obtained by a 
similar procedure. In this case, however, the enzyme was added direct to the substrate 
from the syringe and thoroughly mixed before the insertion of the filter paper. 

This procedure, although identical in principle with the standard method of An- 
son (10) (1939) for the estimation of pepsin, differs from the latter in that it employs 
far greater amounts of substrate protein. Deviations from the straight-line relation- 
ship between enzymic activity and extinction coefficient lay within the limits of error 
of the method, which were estimated at + 2%. We therefore considered ourselves 
justified in treating the difference between the extinction coefficient and the reagent 
blank as a direct measure of the enzymic activity. 

All reagents were of analytical grade. The hemoglobin was prepared from fresh ox 
blood by the method of Anson (1939). The 2% solution was made by dilution of the 
concentrated stock solution, the concentration of which was determined with an 
M.R.C. grey-wedge photometer. The water was distilled in an automatic apparatus 
with a tin delivery tube. 


0.6 
@ 431 mg./m2 


O 2.16 mg./m? 
0.5 

+ 0.65 mg./m2 
0.4 
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0.2 
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dynes/cm. 


5 10 


Min. 
Fie. 1. Above: Relation between activity of pepsin films and time of spreading. 


Below: Relation bet ween surface T i i 
. 


Substrate: 0.01 NV HCl. Temperature: 27-29°C. 
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The pepsin was the crystalline preparation supplied by Armour and Co. Solutions 
were made from material weighed out after drying overnight in a vacuum desiccator 


over P2O;. All concentrations recorded in the present account refer to material thus 
lried. 


RESULTS 


The investigation was made at a time of violent fluctuations in atmos- 
pheric temperature which, in view of the fact that we had made no provision 
for temperature control in our spreading experiments, led to considerable 
scatter in our earlier results. These were all, however, in qualitative agree- 
ment with the results recorded here, which were obtained during a period 
when the room temperature remained within the range 27-29°C. 

Three typical relationships between enzyme activity and time of spread- 
ing, for widely different surface concentrations of enzyme, are shown in the 
upper part of Fig. 1. The lower part of the figure shows the results of parallel 
determinations of the increase in surface pressure with time, made concur- 
rently in the Langmuir trough under conditions otherwise identical with 
those of the activity measurements. It will be observed that the activity of 
1 film falls off rapidly as the surface pressure increases and tends to zero 
ander conditions where spreading is most complete, 7.e., where the surface 
soncentration of protein is sufficiently low to prevent the development of 
nigh surface pressures. The activity at zero time is taken as that of an 
squivalent amount of enzyme in bulk solution. 

Figure 2 shows the force—area curve for pepsin fully spread on 0.01 N 
HCl as measured in the Langmuir trough. It is assumed here that complete 


dynesyem. 
10 


(At, F) 
(At, F) 


Surface pressure 
oO 


0.5 1.0 m2/mg. 
Area 


Fic. 2. Force-area curves for pepsin on 0.01 N HCl. 
Dots: Protein spread from 60% isopropyl! alcohol solution and compressed. 
Circles: Protein spread from aqueous solution at constant area. Surface pressure 


ecorded after 10 min. 
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unfolding is obtained after 5 minutes when the enzyme is spread on a larga 
area from a solution, two weeks old, in 60% (v/v) tsopropyl alcohol (of. 
Stallberg and Teorell (11) (1939). The lower curve is a corresponding force 
area isotherm obtained when different quantities of enzyme were spread} 
from 0.08 % aqueous solution on an area equal to that of the Buchner funnel,, 
the pressures being recorded after a spreading time of 10 minutes. Eacht 
point represents a separate experiment. 


DISCUSSION 


In the absence of all assumptions, save that the tendency of films to pass} 
through the filter paper does not increase with their age, the results show | 
conclusively that, as the unfolding of pepsin molecules approaches comple-| 
tion, so does their activity, as measured under the present conditions, | 
decrease. The provision of an inadequate area for the spreading of a protein | 
to its full extent, results in a film in which enzymic activity is partially | 
retained. 

It is still open to doubt whether the spreading is an all-or-nothing phe- | 
nomenon or whether partially unfolded molecules, in which the topochemis- | 
try of the protein surface remains locally unaltered, can be incorporated in | 
the uppermost layer of the film. It has become a matter of common experi- | 
ence to one of us (Cheesman, unpublished observations) that in work on | 
the film potentials of difficultly spread proteins such as myosin, the potential | 
is invariably found to be characteristic of the pressure, irrespective of the 
degree of spreading. Since the dipolar contributions of completely folded or 
partially folded molecules included in the film could scarcely be identical 
per unit area with those of the unfolded polypeptide chains, this constitutes _ 
good evidence not only that globular, or partially unfolded, molecules do 
not contribute to the film pressure to an extent readily measurable in a sur- 
face balance, but also that they occupy a position below the zone affecting 
the asymmetry potential, where their dipoles may be neutralized by ions 
in the substrate. 

Let it therefore be tentatively assumed that the structure of the film is 
such that, after a short initial period, it consists of an upper layer of oriented 
polypeptide chains and bears on its lower surface an adsorbed layer of 
unaltered or partially altered molecules which contribute materially neither 
to the surface pressure nor to the film potential. 

If we now consider the force-area curves in Fig. 2, it is clear that for an 
incompletely spread film represented on the lower curve by the point 
(A,,F), corresponding to a total surface concentration of protein c; = 1/A:, 
the concentration c, of unfolded protein will be given by the point (A,;, F) 
on the upper curve for fully spread protein, where c y = 1/A;. 

The concentration c, of adsorbed protein beneath the upper layer will be 
given by: 


Con AC tear Cr. 
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TABLE I 


Relationship between Activity of Films and Concentrations of Unfolded and 
Adsorbed Pepsin 


; ct Cf Ca Activity E 
4.31 1.54 2.77 OR 
2.16 1.43 0.73 0.088 
1.30 1.02 0.28 0.055 
1.08 0.97 Opal: 0.032 
0.86 0.8(4) (0) 0 
0.65 0.6(6) (0) 0 


Ct total surface concentration of protein, mg. per m.?. 


cs = concentration of protein in unfolded layer, mg. per m.?. 
Ca = concentration of protein in adsorbed layer, mg. per m.?. 
#H = activity of whole film, area 0.071 m.?. 


Time of spreading: 10 min. 
If our reasoning is correct, and unfolded protein does not contribute to 
the activity of the film Z, then 


E = f (ea) 


and when ¢; = c,;,, EH = 0. 

The data in Table I have been calculated on the basis of the 10-minute 
values from the curves in Fig. 1 and others obtained with intermediate con- 
centrations of protein in the same series of experiments. Although our 
surface balance was sensitive only within the limits + 0.05 dyne per centi- 
meter, it seems clear that the above relationship is approximately obeyed. 

Now, if the adsorbed enzyme behaved during the activity determination 
in the manner of an enzyme in bulk solution, it would be expected that ca 
would be directly proportional to H. This is clearly not the case. Inspection 
of the results suggests, indeed, a proportionality between EH and~/ca. When 
these two quantities are plotted, as shown in Fig. 3, a rectilinear relation- 
ship appears to exist. 

In subsidiary experiments, we have found that the filter papers bearing 
films retain their enzymic activity with surprising tenacity. In one case, for 
example, where the surface concentration of pepsin was 2 mg. per square 
meter, the paper was rocked in a Petri dish with 0.01 N HCl for 2 minutes 
before the activity determination, and despite this treatment, which re- 
quired two additional passages through an air—water interface, it possessed 
80% of the activity of a control paper treated in the usual manner. 

If we suppose, then, that the active material remains almost entirely 
adsorbed during the activity determination, an explanation for the square 
root relation suggests itself. Let us imagine that a number of enzyme mole- 
cules are adsorbed on a roughly plane surface and tend to pack themselves 
in groups. Then irrespective of the number of active centers on each mole- 
cule, those molecules situated on the periphery of each group will obviously 
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Fig. 3. Relation between enzymic activity of pepsin films (E) and the square root 
of the surface concentration of adsorbed, unspread protein (~/c,). 


have more opportunity to display activity than those surrounded by other 
molecules. When the substrate molecule is large and must make two- or 
three-point contact with the active surface in order to undergo degradation, 
the activity will tend to be proportional to the sum of the circumferences 
of the groups rather than to the sum of the areas thereof. 

Thus, for an ideal case where formation of circular groups of radius r 
does not result in the shielding of enzymically active centers: 


Ex arr? « €q; 


whereas in the other extreme, where all but peripheral molecules are ren- 
dered inactive: 


E«D2ar«~Wca. 


It may be significant that in experiments where a solution of denatured 
globin hydrochloride was used as substrate, enzymic activities of the order 
of 40% of the value for an equivalent quantity of unspread enzyme were 
consistently recorded with films of c, = 2.2 mg. per milliliter and a spread- 
ing time of 10 minutes. Since this protein was by no means completely pre- 
cipitated by trichloroacetic acid, it clearly contained much low-molecular 
polypeptide material, which may have had readier access to the adsorbed 
enzyme than the more intact molecules of methemoglobin. These experi- 
ments also served to show that it was improbable, even at high surface 
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concentrations, that a large proportion of the enzyme passed through the 
filter paper. We cannot, however, exclude the possibility that the unspread 
protein consisted in part of molecules in solution below the film, which were 
retained in the paper or between the paper and the film. This would not 
inevitably affect the validity of our reasoning. If dissolved enzyme passed 
through the paper in significant amounts, which we were unable to detect, 
the square root relationship would be fortuitous. 

Although these later speculations concerning the structure of pepsin 
films require further experimental study, we believe that our results suffice 
to cast considerable doubt on the earlier claims that unfolded pepsin mole- 
cules are either in themselves active, or readily desorbed in an active form 
when surrounded by a liquid medium. 


SUMMARY 


1. A new method is described for the isolation of unimolecular films of 
protein. 

2. This method has been applied to the study of films of pepsin. The re- 
sults suggest that a fully unfolded pepsin film possesses no enzymic activity. 
There is no reason to suppose that a pepsin molecule, after having under- 
gone complete unfolding at an air—water interface, can readily regain an 
active configuration. 
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ABSTRACT 


A correlation has been demonstrated between the ionization potentials of single- 
charged cations Mt of a series of transition elements and the interaction of the 
corresponding double-charged cations M*+ with serum, measured by the smallest 
amount of cation which will cause clear serum to become turbid. Additive and 
antagonistic effects have been demonstrated. The ionization potential of cations has 
been discussed in relation to their chemical and binding properties. The second ioniza- 
tion potential of the metal atom M is parallel to the field strength of M?**. 


INTRODUCTION 


The subject of this paper is the nature of the interactions of metal ions 
with intact human serum. A number of studies have been made on the 
binding of metal ions by serum proteins; these studies are mostly concerned 
with characterizing the proteins and protein groups in the blood which 
do the binding (1, 8). 

In the present work an attempt is made to elucidate some of the factors 
involved in the interaction of serum proteins with cations by approaching 
the subject from a somewhat different point of view. This is done by 
comparing the effects upon serum proteins of a series of metal ions that 
can be related to each other on the basis of their physical properties. The 
salts chosen for this purpose are the chlorides of divalent manganese, iron, 
cobalt, nickel, copper, and zinc. With the exception of iron, these salts 
are generally stable in aqueous solution at a neutral pH. All of this series 
but nickel are naturally occurring in cells and are believed to be essential 
for life processes (9). However, the most important reason for the use of 


these ions is that they can be compared with each other on the basis of 
their electronic structure. 


‘ This paper constitutes part of the Ph.D. dissertation of Newton Ressler (June, 
1953). A preliminary report of this work was made to the American Chemical Society, 
123rd meeting, Los Angeles, March, 1953. Supported by a grant-in-aid from the 
Michigan Heart Association and the Edwin 8. George Foundation. 
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Intact serum was utilized in order to study the final system which is a 
resultant of the interaction of the many serum components. It is felt that 
serum is of interest both from the standpoint of the nature of the unified 
system and from the standpoint of variations in the stability of this 
colloid in health and in disease. Studies of purified serum components will 
be included in a following report. 


EXPERIMENTAL Mrruops 


Determination of Turbidity-Producing Powers 


Solutions of Mn’*, Fe’*, Co’*, Ni?*, Zn’*, and Cu’* chlorides were pre- 
pared. From 10 to 100 microequivalents of cation were added to and mixed 
with 2 ml. of serum in a test tube kept in a water bath at 37°C. The small- 
est amount of each cation which would cause a definite turbidity within 
two hours was determined visually against a serum blank. Each set of 
experiments was done on the same pooled serum sample, in order to cancel 
out variations between different serum supplies. Serum protein complexa- 
tion appeared to inhibit the formation of zinc and copper hydroxides in 
the serum at pH 7.4. The serum’s buffering capacity was sufficient to 
maintain the pH when the above cations were added. 


Additive and Antagonistic Effects 


To 2 ml. of serum, a preaddition of some of the above cations was made 
at room temperature to a concentration of 5 meq./1., which was too small 
a concentration to cause a turbidity. The sample of serum was then ti- 
trated with 0.01 N CuCh, and the amount necessary to produce a definite 
turbidity against a serum blank was determined after each preaddition. 


The Nature of the Turbid Substance 


The turbid substance was isolated by centrifugation. Emission spectro- 
graphic studies were made by the procedure of Boyle et al. (10). Protein 
determinations were done according to the method of Wolfson and Cohn 
(11). Cholesterol was determined by the method of Zlatkis, Zak, and 
Boyle (12). 

RESULTS 


The Relation between the Turbidity-Producing Power of Cations 
in Serum to Their Second Ionization Potential 


It was observed that clear, pooled human serum becomes turbid and 
cloudy a certain amount of time after a solution of Mn’* Fe." Co” ".Ni-, 
Zn**, or Cu’ chlorides is added to it in appropriate amounts. The transi- 
tion from a clear to a cloudy or turbid state is sufficiently abrupt and ex- 


tensive to be easily followed with the naked eye. 
In the case of Mn?*, Co’t, and Ni’, the turbidity could only be pro- 
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Fig. 1. Relation of time necessary for turbidity to develop after a cation addition, 
to the concentration of cation. 


duced when the amount of cation added was in a certain critical range, 
and the serum would remain clear indefinitely if too much or too little 
were added. The relation between the amount of MnCl, added and the 
time necessary for the serum to become turbid after the addition is illus- 
trated in Fig. 1A. The disappearance of turbidity that occurs when the 
maximum critical concentration is surpassed is not due to dilution, since 
the addition of distilled water does not clear the clouded serum. The curves 
obtained with Co’* and Ni’* were similar to that of Mn’*. With Fe‘, 
Zn’*, and Cu’ the shape of the time vs. turbidity curve is shown qualita- 
tively in Fig. 1B. 

The minimum critical concentration necessary for each of the above 
cations to produce a turbidity was determined and is plotted in Fig. 2A 
against the cation’s second ionization potential. Figure 2A shows that a 
cation of greater second ionization potential can produce a turbidity in 
smaller concentration. 

In order to test this relationship further, the time necessary to produce 
a turbidity was compared for each of the ions when they were all added 
to the serum in the same concentration. It is apparent from Fig. 2B that 
for a given concentration, a cation of greater ionization potential or field 
strength can cloud the serum more quickly. 


Tue InTrERaAcTION OF DIFFERENT Merat Ions, AND Cation ANTAGONISM 


In Figure 3 the ordinate represents the minimum critical concentration 
necessary for each cation to cause a turbidity by itself. The abscissa gives 
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Fic. 2. In A, the smallest concentration of cation which will produce a turbidity 
is plotted against second ionization potential. In B, each cation was added to the 
serum in a concentration of 50 meq./l., and the turbidity time is plotted against 
second ionization potential. 


the number of milliliters of a 0.01 N Cu’* solution necessary to cloud the 
serum when added continuously after the preaddition. 

When the preaddition cation has a greater turbidity-producing power, 
or lower minimum critical concentration, fewer Cu’* ions are necessary 
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to cloud the serum. This suggests that the turbidity-producing power of 
the preaddition and of the copper ions is additive. The extent of this 
additivity is brought out in Table I. The first row gives in milliequivalents 
per liter the concentration of each cation used as a preaddition (5 meq./l. 
in all cases), divided by the cation’s minimum critical concentration. 
This ratio then represents the fraction of the preaddition cation present, 
necessary to cause a turbidity by itself. The second row shows the number 
of milliliters of CuCl added after the preaddition, divided by the number — 


Feet 


34 
Mn2t 
30 
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22 


ca2t 


Minimum critical conc. (mEq. /1.) 


Cu2+ without 
preaddition 
‘ 


’ 
' 
‘ 
t 
' 


1.0 12 1.4 1.6 1.8 
MI. of 0.01N Gu2* necessary for turbidity 
after 5mEq./L of preaddition 


Fic. 3. The ordinate is the smallest concentration of each cation necessary to 
produce a turbidity by itself. The abscissa is the amount of Cu?* necessary to cloud 
the serum after a 5 meq./l. preaddition of each cation to 2 ml. of serum. 


of milliliters of CuCl, necessary to produce a cloud without a preaddition 
(1.88 ml.). The latter value is then the fraction of the Cu’* ions present 
which cloud the serum alone. The sum of the two fractions was found to 
vary with the cations used from 1.06 to 1.15. The turbidity-producing 
powers of the preaddition and of the Cu’* ions are thus nearly additive, 
but not perfectly so. 

It was next decided to investigate the effects of a preaddition when 
more than the maximum critical concentration was added. A sufficient 
preaddition of Ni’*, Co’*, or Mn’* ions was made to the serum so that it 
would remain clear. The number of milliliters of 0.01 N CuCl necessary 
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TABLE I 
Additivity of Turbidity-Producing Powers 
A. Cation Feet Mn Cott Ca?2* Cd?+ Ni2t 
B. Fractional minimum critical 0.14 0.16 0.18 0.21 0.30 0.62 
concentration of preaddition 
C. Fractional minimum critical 0.94 0.93 0.88 0.93 0.80 0253 
concentration of Cu?+ 


D. Sum of B and C 1.08 1.09 1.06 1.14 1.10 TRIS 


to cloud the serum after the preaddition was determined. In Figure 4, 
the abscissa is the concentration of preaddition in the serum, while the 
ordinate is the milliliters of CuCl, necessary to cloud the serum. It is ap- 
parent that when enough cations are present to clear the serum, the tur- 
bidity formation by means of Cu’* is inhibited; while only 1.88 ml. of 
the copper solution clouds the serum without a preaddition, 3.1 ml. are 
necessary in the presence of 500 meq./]. Co’*. The height and slope of 
the curve is greatest for Ni, which has the largest second ionization po- 
tential (18.2 volts), and is the least for Mn, which has the lowest ioniza- 
tion potential (15.7 volts). 

In the above work the preaddition ion has a lower ionization potential 
than the Cu’* ion which was added afterwards. In the next experiment, 
the preaddition used (5 meq./l. of Ni’*, Co’*, and Cd’*) had a greater 
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(above maximum critical conc.) 
Fic. 4. The relation of the amount of Cu* necessary to cloud 2 ml. of serum 
(ordinate), to the concentration of preaddition cation (abscissa). The preaddition 
concentrations are too large for the serum to cloud, leaving it clear. 
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ionization potential than the metal ion added afterwards (100 meq./l. of 
Mn?*). The preadditions of Ni’*, Co’*, or Cd’* all have a stronger field 
than Mn’*, and all inhibit the turbidity formation by it. 

The reason for this antagonistic effect is not apparent, although similar 
phenomena have been observed previously. The coagulation effect of KCl 
and LiCl are also antagonistic upon a sulfur sol (13), and more of either 
salt is necessary for coagulation in the presence than in the absence of the 
other salt, within concentration limits. 


Tue NATURE OF THE SUBSTANCE PRODUCING THE TURBIDITY 


The substance causing the serum to become turbid was isolated by 
centrifugation and decanting off the supernatant serum. The precipitate 
could be dissolved in dilute mineral acid. It was proved by the xanthopro- 
teic and ninhydrin reactions to be a protein. Testing the turbid substance 
for cholesterol by the method of Zlatkis, Zak, and Boyle (12) shows that 
significant amounts of cholesterol are not present. 

The turbidity-producing protein was isolated and studied qualitatively 
and quantitatively by means of an emission spectrograph (10). Besides 
Mn, which had been added, the protein contained Ca, Mg, and traces of 
Cu. The concentration of all of these elements was several times greater 
in the protein than in the supernatant serum. 

The amount of cation per gram of turbid protein complex, produced by 
the addition to serum of various amounts of Cu’* or Mn’*, is presented 
in Table II. The Mn’* was 267 and the Cu’* was 3.7 times more concen- 
trated in the centrifuged protein than in the supernatant serum. The 
copper content was fairly constant at 0.01 meq. of Cu’* per gram of pro- 
tein complex. 


TABLE II 
Cation Composition of Turbidity-Producing Protein 
Mea. of cation added to Grams of isolated Meg. of cation per gram Meg. of cation per ml. 
50 ml. of serum protein complex protein complex of supernatant serum 
An Cut 
0.46 0.428 0.0094 
0.54 1.126 0.013 0.0035 
0.66 4.102 0.0096 
B. Mn? 
2.8 0.009 12.0 
4.0 0.010 9.6 0.036 
5.8 0.008 ES 
C. Mn*'—After washing protein by centrifugation 
4 0.010 1.02 
4 0.008 0.81 
12 0.010 0.69 


12 0.009 1.06 
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Since the concentration of Mn?* jwas less constant, it was felt that all 
of the more loosely assoplated Mn’* had not been washed out. Therefore, 
the determination of Mn’* in the protein was repeated after it had been 
washed by means of centrifugation against distilled water, which was 
subsequently decanted. The results are given in Table IIC. 

After washing by ScnLRSgaFiOn the concentration of Mn’*, although 
still more variable than the Cu’* poateat, was about 1 meq. per gram of 
complex, despite the amount of Mn’* Shih had been added. The amount 
of precipitate appears to be independent of the amount of manganese 
added but increases cae increasing additions of copper. This difference 
between Mn’* and Cu** ie consistent with the observation than an excess 
of Mn’*, but not of Cu’*, clears up the clouded serum. Copper is about 
nine times as effective in producing turbidity, and about one-tenth as 
concentrated in turbid protein as is manganese. 

The turbid substance, when produced by 0.1 ml. of 0.25 N Ni’* or 1.5 
ml. of 0.01 N Cu’* added to 2 ml. of serum, consists to a large degree of 
albumin and gamma globulin. 


Discussion 


One of the fundamental properties of a metal ion is its electric field 
strength or charge per unit area. For divalent cations, the smaller the 
size of the cation, the more concentrated will be the plus two charge and 
the more intense will be the electric field. 

The comparative electric field strength of the divalent cations of Mn, 
Fe, Co, Ni, Cu, and Zn can be determined from their second ionization 
potentials. The electric field strength corresponds to the energy of attrac- 
tion between the divalent cation and an electron. 


M’*t + electron @ M’** + energy 


This energy is of the same magnitude, but opposite in sign, to the 
energy necessary to remove an electron from the monovalent cation, 
which is the second ionization potential. Consequently, this ionization 
potential is a measure of electric field strength. 

All having the same charge of plus two, the cation of larger electric 
field (or second ionization potential) should have the smaller size. A com- 
parison of ionic radii (14) to second ionization potentials of this series 
reveals that this is so. Fajans and Johnson (15) derived the apparent 
volume of a number of ions at infinite aqueous dilution. The values show 
that for the same series of cations, the forces of interaction between the 
cation and water increase with second ionization potential. It is generally 
found that the stability of complexes of these cations is greater when the 
electric field strength of the cation is larger (16). The correlation of a 
property measured in the gaseous state, the second ionization potential, 
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with turbidity-producing power and other properties measured in solution 
suggests that cation electric field strength is a basic property relevant to 
all phases. 

Although the reaction of a cation with such a complex medium as serum 
must involve a number of processes, the second ionization potential ap- 
pears to be related to rate-determining steps. 

It is probable that the ability of serum to remain clear when a cation is 
added in more than a critical amount involves a reversal of charge on the 
protein (19). Proteins consist of a number of polar groups and carry large 
dipole moments (17, 18). Since a correlation between cation field strength 
and protein interactions has been obtained, the binding appears to be 
primarily of a pole-dipole or pole-pole character. 

The authors would like to express their appreciation to K. Fajans for 
the valuable suggestions he contributed towards this work. 


SUMMARY 


A correlation has been demonstrated between the ionization potentials 
of single-charged cations M®* of a series of transition elements and the 
interaction of the corresponding double-charged cations M’* with serum. 
This relationship is measured by the smallest amount of cation which will 
cause clear serum to become turbid. 

When two different M’* ions are added to the sample of serum, the 
turbidity-producing effects are approximately additive when the cation of 
largest field strength is added last, but antagonistic when it is added first. 
_ The turbid substance consists primarily of serum proteins and is shown 
by spectrographic analysis to combine with the M’* cation in definite 
proportions. 

The ionization potential of cations has been discussed in relation to 
their chemical and binding properties. The second ionization potential of 
the metal atom M is parallel to the field strength of M’*. 
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ABSTRACT 


With the use of a new coaxial cylinder viscometer, aniline solutions of milled 
Buna-N rubber have been examined for flow properties as influenced by temperature, 
concentration, and the addition of a nonsolvent, benzene. The results are presented 
in the form of curves of shearing stress (r) versus velocity gradient (D), D ranging 
from 433 to 6690 sec.71. 

Over the temperature range studied, the slope [0 In 2/0 (1/T)]p—wherein 7a is the 
apparent viscosity, defined as r/D—is constant and independent of D. Empirical 
equations of the form + = bD* or the equivalent 7, = bD*, for which the exponent 
s and the coefficient b were experimentally determined, fit the data accurately. It 
was found that s is virtually independent of temperature and solvent-diluent ratio, 
but decreases with increasing concentration, and that b increases with decrease in 
temperature, increase in concentration, and increase in the ratio of solvent to diluent. 


INTRODUCTION 


Several studies of concentrated polymer solutions have been published 
recently (1-3) in which the shearing stress imposed on the fluid was so 
low as to insure true Newtonian behavior. Conventional capillary, falling 
ball, and rotational viscometers were used for the most part. Working in 
an entirely different range and using the McKee worker-consistometer 
(4)—a high-pressure capillary instrument—Bestul and Belcher (5) 
investigated the flow properties of concentrated rubber solutions and even 
undiluted rubber at high shearing stresses and often at high-velocity 
gradients. 

In the present study, the flow properties of moderately concentrated 
Buna-N solutions were examined over a range of velocity gradients inter- 
mediate between the two areas of exploration cited above, by means of a 
new type of coaxial cylinder viscometer (6). The effects on viscosity of 
temperature, concentration, and the addition of nonsolvents were 
investigated. 

EXPERIMENTAL 


For use in all the tests described below, a 135-g. batch of Buna-N type synthetic 
rubber (Hycar OR-25) was well broken down on a laboratory mill by 12 minutes of 
continuous milling through a tight nip at 120°-150°F. 


132 
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The entire batch of milled rubber was at once shredded, put into aniline (a good 
solvent), and propeller-stirred until a uniform mix was obtained, having a concen- 
tration of rubber of 18.5% by weight. This master stock solution was later diluted 
as required with additional solvent (aniline) and for certain runs with a nonsolvent 
(benzene). To avoid solvent loss, the final sample was made by weighing into a bottle 
a determined amount of the stock solution (the concentration of which was exactly 
known by drying samples to constant weight), to which was added volumetrically 
aniline (and benzene) to obtain the concentration desired. The bottle was carefully 
sealed and then shaken in a bottle shaker for several hours until a homogeneous 
solution was obtained. The seal on the bottle was not broken until just before testing 
in the viscometer. Negligible solvent loss occurred by this method of preparation, 
as verified by evaporation to constant weight of a small portion of material taken 
from a bottle at the time of the viscosity test. Concentrations were determined with 
an accuracy of 1 part in 1000. 

For a particular study, all the solutions were prepared at the same time. They 
were shaken for the same period of time under identical conditions. They were 
allowed to stand for the same length of time before viscosity testing; and finally, 
the viscosity testing of a complete series in a study took place within a consecutive 
period of not over 3 hours. The ages of the solutions at the time of test, reckoned 
from the date of milling of rubber and initial solution in aniline, were as follows: 
concentration studies, 3 days; solvent-diluent studies, 4 days; temperature studies, 
8 days. 
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Fic. 1. r-D curves for a solution of Buna-N (6.1%) in aniline (93.9%) at three 
different temperatures, 8 days old. 
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Fig. 2. 7-D curves for 2.0, 5.0, and 10.0% Buna-N solutions in aniline, measured 
at 20.5 + 0.5°C., 3 days old. 


VISCOMETRY 


The coaxial cylinder viscometer used in these studies has been described 
fully in an earlier communication (6). This viscometer permits the meas- 
urement of velocity gradient and corresponding shearing stress as essen- 
tially point values and permits operation over a wide range of gradients. 
Control of the fluid temperature during test is good, and by reason of the 
design of the viscometer and its feeding system, solvent loss is minimized 
during test. The operation of this viscometer, the method of determining 
the point values of shearing stress, 7, and velocity gradient, D, and the 
calculation therefrom of apparent viscosity, a, as the point value of 7/D 
for a specified value of D, are presented in the paper cited. 

The velocity gradients, D, to which each fluid was subjected, were 
obtained discontinuously but in sequence (either increasing or decreasing) 
and were fixed at these values’ by reason of the fact that the viscometer 


was powered by a constant-speed motor operating through a predeter- 
mined sequence of pulley drives. 


'Viz.: 483, 714, 1220, 1850, 3210, 3880, and 6690 sec.-?. 
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In the testing of all these solutions, the value of + determined for a 
particular gradient, D, was found to be almost independent of time or 
previous shearing history. 


In general, the value of 7 for a given D was slightly higher, as D was increased, ~ 
than the value obtained as D was decreased. The difference in r varied between zero 
and 2% of the higher value of 7. This indicates that the solutions studied were only 
very slightly thixotropic. Each point shown on the curves represents the arithmetic 
mean of four values of 7, two determined as the velocity gradients increased and two 
as the gradients decreased. 


The decidedly non-Newtonian flow characteristics of these Buna-N 
solutions over the range of relatively high-velocity gradients studied are 
well shown in Figs. 1-3, wherein the experimentally obtained 7—D values 
are presented. with respect to temperature, concentration, and solvent- 
diluent effects. 

Figure 1 shows the 7—D curves for a 6.1% by weight solution of Buna-N 
in pure aniline, 8 days old, at three temperatures, namely, 14.1°, 22.4°, 
and 35.5°C. 

The 7—D curves for three different 3-day-old concentrations of Buna-N 
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Fig. 3. 7-D curves for solutions of Buna-N (6.1%) in aniline diluted with panrony 
for various weight ratios (R) of benzene to aniline, measured at 22 + 1°C., 4 


days old. 
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in aniline (2.0%, 5.0%, and 10.0% by weight), all at 20.6 + 0.5°C.,. are 
given in Fig. 2. 

In Figure 3 the r-D curves are shown for solutions of Buna-N of the 
same concentration (6.1% by weight) at essentially constant tempera- 
ture, 22 + 1°C., in which the ratio, R, of nonsolvent (benzene) to solvent 
(aniline) was varied from 0 to 0.465. These solutions were 4 days old at 
the time of the test. The substantial reduction in 7 (and thus 7.) upon 
addition of benzene is evident, the percentage reduction being far higher 
than the small percentage increase in gram-moles of the solvent phase, 
owing to the replacement of aniline by benzene.” 


DISCUSSION 


Accuracy: The Effect of Solution Age 


In a particular run on any sample, the precision of determination of + 
was within + 2% of the mean value reported. However, cross-comparison 
of the data shows that a greater deviation exists. 


t 

Consider, for example, the value of 7 to be associated with a 6.1% solution in pure 
aniline at 20.5°C. and under a velocity gradient of 1850 sec.“}. 

a. By interpolation from a smooth curve drawn through the experimental values 
for 2.0, 5.0, and 10.0% solutions given in Fig. 2 (solutions 3 days old, tested at 20.5°C.), 
7 is found to equal 8.6 g./cm.?. 

b. According to Fig. 3 for 4-day-old solvent-diluent mixtures, the first curve for 
R = 0; 7.e., a 6.1% solution in pure aniline, shows that 7 equals 9.75. (The actual 
temperature for this run was 21.0°C.) 

c. Interpolation between the curves for 14.1° and 22.4°C. in Fig. 1 (6.1% solutions 
in aniline, 8 days old) gives a value for 7 of 11.8. 

The same trend of increase in 7 with increase in solution age can be found for any 
other velocity gradient chosen. In view of the accuracy of the measurements of 
concentration and temperature, the increase of + noted must be ascribed to some 
structural change in the solutions progressing with time. Whereas solutions of 
Buna-N in mediocre solvents (e.g., ethylene dichloride) are noted for their tendency 
to increase in viscosity by progressive gelation with age, the gel structure is readily 
broken down under shear, and the solutions accordingly are observed to be highly 
thixotropic. Inasmuch as no significant thixotropy was noted in any of the solutions 
here reported, regardless of age, it is concluded that gelation did not occur. 


The increase in 7 (and thus in viscosity) was induced by a mechanism 
not materially affected by high shearing stresses. Either progressive dis- 


> The weight ratio of benzene to aniline was varied from 0 to 0.465. Owing to the 
lower molecular weight of benzene (78) as compared with aniline (93), the replace- 
ment of aniline by benzene to a weight ratio of 0.465 slightly increased the total 
moles of solvent plus diluent per unit weight of dissolved rubber. For example, 6.1% 
rubber in pure aniline corresponds to 0.1655 gram-mole solvent per gram rubber, 
but 6.1% rubber in benzene-aniline having a weight ratio of 0.465 corresponds to 


0.1755 gram-mole of solvent-diluent mixture per gram of rubber, an increase of the 
solvent phase of only 6%. 
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bSTCRIXMO® 
Fig. 4. In mq versus 1/T for several values of velocity gradient, based on Fig. 1. 


persion in the solvent of originally aggregated polymer molecules occurred, 
or the solvent aniline, being a base, acted as a catalyst for a “vuleaniza- 
tion” of the polymer through oxygen cross-linkages. This unanticipated 
complication of aging does not vitiate the conclusions drawn below, as 
the data collected in each study were based on solutions of substantially 
identical histories. 


Temperature Effects 


It is well known that simple fluids and polymer solutions so dilute as 
to show Newtonian flow usually yield a linear relation between In 7. and 
1/T, where T is the temperature in °K. Recently Ferry and his co-workers 
(1, 2) have shown that the same relation exists for concentrated high 
polymer solutions over limited temperature ranges, if the shearing stress 
be kept so low as to insure Newtonian flow. 

Bestul and Belcher (5) have examined the temperature variation of 
viscosity under conditions of high shearing stresses, occurring, for ex- 
ample, in the flow of undiluted raw rubber. Using the hyperbolic sine 
equation of Eyring, they show that [0 In 7./0(1/T)], for shearing stresses r 
less than 10° dynes/cm.”’ should be constant, and that [@1n 7./0(1/T)]» 
should be constant and equal to [0 In 74/0(1/T)], provided the gradient D 
corresponds to a shearing stress 7 of 10° dynes/cm.” or less. Our results 
confirm the constancy of [0 In m/d(1/ T)|>.. From the 7—D relations in 
Fig. 1, viscosity has been calculated (in centipoises), and the natural 
logarithm thereof has been plotted versus 1/T in Fig. 4. It will be seen 
that the slope [@1n 7./0(1/T)]> for several velocity gradients is nearly 
constant. It is found to be 1800 + 50 (°K) for all curves except that corre- 


3 The highest value of r measured in these studies was 64 g./cm.? or 62,700 dynes/ 
em.?, for 10% Buna-N in aniline at D = 6690 sec.* (Fig. 2). 
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Fig. 5. Correlations: In na versus In D. Temperature runs (from Fig. 1): Curve 1, 
14.1°C.; Curve 2, 22.4°C.; Curve 3, 35.5°C. Diluent runs (from Fig. 3): Curve 4, 
R = 0.0862; Curve 5, R = 0.189; Curve 6, R = 0.312; Curve 7, R = 0.465. Concentra- 
tion runs (from Fig. 2): Curve 8, 2.0%; Curve 9, 5.0%; Curve 10, 10.0%. 


sponding to D = 433 sec. ’, which is uncertain because of the scatter of 
the experimental values. These results are of interest because they en- 
compass a range of velocity gradients far higher than heretofore obtained 
with cylindrical viscometers, a range in which the flow of the polymer 
solution is markedly non-Newtonian. 


Empirical Correlations* 


For many pseudoplastic fluids, empirical equations of the form: +r = 
bD* or the equivalent 7, = bD*’, D > 0, have been found applicable for 
the relatively low range of D ordinarily explored. If experimental values 


* Attempts to correlate the data of the concentration studies by equations of the 
form In na vs. /¢ and nq vs. c? failed. The equation of Doolittle (7), namely, In 7 = 
exp (—K/c®-*5) + y, was found applicable provided a different value of K was used 
for each velocity gradient. The Martin and the Baker equations, whose application 
to the correlation of viscosity-concentration data for polystyrene solutions is de- 
scribed by Weissberg, Simha, and Rothman (3), were also examined. As these 
equations require a precise evaluation of the intrinsic viscosity, which cannot be 
accurately determined from our data, we were unsuccessful in applying them. 
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TABLE I 
Values of s and b in the Equations r = bD* and nq = DD 
C : : 
iz ee Temperature, °C. aga Bee aes s b 
1 14.1 0.65 9860 
2 22.4 6.1 0 0.64 8880 
3 35.5 0.625 7690 
8 2.0 0.80 565 
9 20.5 + 0.5 5.0 0 0.745 2260 
10 10.0 0.56 47100 
4 0.0862 0.68 5300 
5 0.189 0.69 4070 
22 +1 : 
6 Oy 0.312 0.69 3680 
Gi 0.465 0.72 2600 


of In 7 (or In 72) plotted against In D yield a straight line, the relation is 
confirmed, and the exponent s is at once determinable as the slope. The 
coefficient b may then be calculated by using any pair of values of 7, D 
or a, D. 

When the data for all runs in these studies are plotted as In y, versus 
In D (Fig. 5), it is found that equations of the form cited above fit the 
data with remarkable accuracy over the range of D explored, 433 to 6690 
sec. . Table I presents the values of s determined from Fig. 5 and corre- 
sponding values of b computed from values of s and 7, D taken from Figs. 
1-3.° It is concluded from these results that s is virtually independent of 
temperature and solvent-diluent ratio but decreases with increasing con- 
centration. The coefficient ) increases with decrease in temperature, in- 
crease in concentration, and increase in the ratio of solvent to diluent. 


SUMMARY 


The flow properties of well-milled Buna-N rubber in a good solvent, 
aniline, have been presented by means of 7—D diagrams showing, respec- 
tively, the effects of temperature, concentration, and the addition of a 
diluent, benzene. 

Pronounced decrease in viscosity is shown to occur when benzene is 
added. 

The 7—D data of the temperature studies, replotted as In 7, versus 1/T, 
yield a family of straight lines for different values of velocity gradient, 
but the slopes of all lines are the same, as predicted from theory. 


5’ The slope of any curve in Fig. 5 gives the value of s — 1, since the relation 7. = 
bD= is plotted logarithmically. The coefficient b is found from Figs. 1-3 by dividing 
any value of 7 by the corresponding value of D*, s being determined from Fig. 5 for 


the particular 7—D curve. 


140 E. W. MERRILL 


In all the studies shown, the data are well correlated with the empirical 
equations: 7 = bD* or na = bD**. The variations of s and b with tempera- 


ture, concentration, and diluent are examined. 
The effect of solution aging on the accuracy of the data is considered. 


ACKNOWLEDGMENTS 


The author wishes to express his thanks to Mr. Herbert Viera and Mr. Carl Wolf 
for their painstaking efforts in helping to obtain the experimental data, to Professor 
Warren K. Lewis for his critical review of the manuscript, and to Mr. H. H. Carter 
for preparing the drawings—all of the Department of Chemical Engineering, Massa- 
chusetts Institute of Technology. 


REFERENCES 


1. Ferry, J. D., Foster, BE. L., Brownine, G. V., AnD Sawymr, W. M., J. Colloid 
Sct. 6, 377 (1951). 

2. Jounson, M. F., Evans, W. W., JorpAN. I., anp Furry, J. D., J. Colloid Sci. 7, 
498 (1952). 

3. WetssBerG, 8. G., Srmua, R., AND Rotuman, §., J. Research Natl. Bur. Standards 
47, 298 (1951). 

4. McKzgz, 8S. A., AnD WuiTE, H.S., ASTM Bull. No. 153, 90 (1948); J. Research Natl. 
Bur. Standards 46, 18 (1951). 

5. Bestuu, H. B., anp BetcuEr, H. V., J. Appl. Phys. 24, 696 (1953). 

6. Merri, E. W., J. Colloid Sci. 9, 7 (1954). 

7. DooirrLe, H. K., J. Appl. Phys. 28, 418 (1952). 


THE EFFECT OF HYDROGEN ION CONCENTRATION ON THE 
VISCOSITY AND ELECTROPHORETIC MOBILITY OF 
SOLUTIONS OF SODIUM CARRAGEENATE 


D. A. I. Goring 


Maritime Regional Laboratory, National Research Council, Halifaz, 
Nova Scotia, Canada. 


Received November 9, 1953; revised January 22, 1954 


ABSTRACT 


Between pH 3.5 and 11.6 the intrinsic viscosity, [n], of sodium carrageenate in 
buffers of ionic strength 0.13 was constant to within +2%. Below pH 3.5, [yn] de- 
creased slightly. On heating solutions of the polysaccharide at 50°C. for 15 hours a 
decrease in [7], A[n], was noted: Aly] was small and constant between pH 6 and pH 
11.6. Below pH 6, A[n] increased appreciably as the pH decreased. 

The electrophoretic mobility was 2.94 10-4 cm.? sec.~! volt~! and was constant 
to within +3% from pH 2.0 to 10.0 in buffers of ionic strength of 0.05. 


INTRODUCTION 


The hydrocolloid extractible by water from the red seaweed, Irish moss 
(Chondrus crispus), is known as carrageenin. It is a polysaccharide and has 
been shown to consist largely of d-galacto-4-sulfate residues joined in the 
1-3 position (1). Various ionizable cations are associated with the sulfate 
groups so that it may be prepared as the sodium (or other) carrageenate 
comparable with sodium alginate or pectate. About 30% of its composition 
is not definitely known. Because of its high intrinsic viscosity and gelling 
tendencies, this polysaccharide is widely used as an emulsifier and sta- 
bilizer in aqueous systems. 

In the present investigation measurements of viscosity and electro- 
phoretic mobility over a wide pH range have been made on a purified 
sample of carrageenin. All cations in the crude material were replaced 
with sodium by dialysis and a constant ionic strength, J, of buffer was 
used, since Rice (2) has shown that the viscosity varies widely with 
change in type and concentration of cations present in carrageenin solu- 
tions. 

Hot water is used to extract the hydrocolloid. Thus it is important to 
determine the decrease in viscosity on heating the solution over a range 


of pH values. 
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EXPERIMENTAL 


Materials 


Irish moss was harvested at Prospect, Nova Scotia. Carrageenin was prepared 
by extracting the dry, ground seaweed with sodium acetate buffer (pH = 6.0:J = 
0.02) at 60°C. for one hour. After centrifuging, the supernatant solution was poured 
into five volumes of absolute ethanol and the precipitated gel was dried with ab- 
solute ether. The crude polysaccharide was dissolved in and dialyzed against so- 
dium acetate buffer (pH = 5.5: I = 0.02) to exchange all cations for sodium (3). 
After a final dialysis against distilled water to remove the acetate, the solution was 
freeze-dried and the white spongy product was stored at 4°C. 

From pH 1.5 — 3.5, glycine-HCl buffers made up according to Miller and Golder 
(4) were used. Sodium acetate and phosphate buffers after the method of Green (5) 
were used from pH 3.8 — 5.5 and 6 — 8, respectively. For high pH values tribasic 
sodium phosphate was found satisfactory. The buffers used in viscosity determi- 
nations contained 0.08 M NaCl and the buffering salts increased I to 0.13. For 
electrophoresis, 0.03 M NaCl was used and the buffering salt increased J to 0.05. 


Measurement of Intrinsic Viscosity 


The specific viscosity, 7s», was measured at 25°C. for a range of concen- 
tration, c, by means of Ubbelohde capillary viscometers. The design of 
Davis and Elliott (6) was used; this permitted successive dilutions without 
cleaning the viscometer. The mean shear rate for solvent flow computed 
by Kroepelin’s (7) formula was 1100 sec.”’. 

As shown in Fig. 1, the graphs of 7sp/c vs. c were linear; this is in agree- 


ment with the results of Rice (2). The intrinsic viscosity [n] was determined 


as usual from 
Spl 
il = (2) 0 


“se. x10” (GM. cM?) 


2 4 6 8 10 
4 -3 
C x iO (GM. CM. ) 
Fig. 1. nsp/e vs. c for sodium carrageenate in acetate buffer (Galel Osu l Sx0)118))- 


The upper and lower graphs are for solutions held for 15 hours at 4°C. and 50°C3 
respectively. 
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Fig. 2. Decrease of [n] on storage of the freeze-dried polysaccharide. The black 
circles are measurements in acetate buffer without NaCl (pH = 5.5; I = 0.05); the 
empty circles are measurements in the acetate buffer with NaCl (pH = 5.9; J = 
0.13). 


As shown in Fig. 2, the intrinsic viscosity of the sample decreased on 
storage in the dry state. This effect was more marked at room tempera- 
tures. Most of the viscosity determinations were made during a period of 
15 days, and a small correction was made for this effect. However, the 
measurements in glycine—HCl buffer were made 90 days later and a larger 
correction was necessary. 

At low pH values, 7,» was found to decrease slightly during the time 
of a run and a correction for this was made to the observed time of flow. 

For studying the effect of heat, buffered solutions were held at 50°C. 
and at 4°C. for 15 hours. The decrease in intrinsic viscosity A[n] of the 
heated solution was then obtained from the graphs of 7.) vs. c as shown in 
Fig. 1. 

Electrophoretic Measurements 


Electrophoresis was observed in a Tiselius apparatus by the moving 
boundary method. The position of the boundary was recorded with the 
Longsworth scanning device. The mobility, U, was computed from 

t 
2 es a 
where A was the area of cross section of the cell, x the conductivity, 
dx/dt the velocity of the boundary, and 7 the current. The concentration 
was 0.5% sodium carrageenate and the current was 10 — 15 ma. 
The usual technique was modified in the following ways. 
a. Runs were done at 25°C. instead of 4°C. to decrease the tendency 


to gel. 
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b. The boundary was not moved with the compensator because under 
Poiseuille flow the solution stuck to the walls of the cell. 

c. Solutions were not dialyzed, but the conductivity of the buffer was 
adjusted to equal that of the solution. 

d. For computing the mobility of the ascending peak the conductivity 
of the solution below the peak was measured at the end of an experiment. 
This value was 10% lower than the conductivity of the main solution. 

In Figure 3 a typical pair of patterns are given. The ascending peak 
was always considerably sharper than the descending. However, when 
the descending boundary was examined carefully for different positions of 
the knife-edge it was seen to be made up of a well-defined complex pattern 
of refractive index gradients sloping downward from the sides of the cell. 
The effect was qualitatively reproducible for several different preparations 
of sodium carrageenate. From results not given here in detail it was shown 
that the effect was not due to (a) boundary instability, (b) solution clinging 
to the sides of the cell, or (c) conductivity changes across the boundary. 
For different samples the asymmetry of the peaks was found to increase 
with increase in gelling tendency of concentrated solutions of the poly- 
saccharide. However, for samples showing considerable variation in gel 
strength the electrophoretic mobility remained constant under constant 
buffer conditions. 

As shown in Fig. 3, the pattern indicated a slight polydispersity. This 
effect was constant over the whole pH range and further separation was 
not obtained. Cook, Rose, and Colvin (8) have found two components in 
carrageenin but could not obtain an electrophoretic separation. In a current 
investigation (9) electrophoresis has been observed for a number of dif- 
ferent fractions of carrageenin, and no clear separation was noted. There- 


———3 —— 


> = 


ASCENDING DESCENDING 


fH = 5-6 : l = 0.05 
TIME = 103 MIN. : CURRENT =10 MA. 
OISTANCE = 4.3 CM. 


Fig. 3. Electrophoretic diagrams for sodium carrageenate in acetate buffer. At 
the end of the run the widths of the bases of the ascending and descending peaks 
were, respectively, 0.15 and 0.30 times the distance of migration. 
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Fie. 4. Linear relationship between the distance of movement of the peak and 
time in electrophoresis of carrageenin. 


fore, for the present work, the material was assumed to be electro- 
phoretically monodisperse, and the spreading of the boundaries was 
attributed to the anomaly described above. The position of the boundary 
was taken to be halfway between the point at which the leading and 
trailing edges of the peak cut the base line. 

The precision is indicated by the regularity of the linear graphs of the 
distance, x vs. the time, ¢, in Fig. 4. For all experiments dx/dt for the 
ascending peak was greater than for the descending peak. This anomaly 
was reduced by the use of the conductivity under the ascending boundary 
in computing its mobility. U was the mean of the values for the two peaks. 


In contrast to the decrease in [7] (see Fig. 2), U was unchanged on storage in the 
dry state. The independence of U and [n] was more clearly illustrated by the data 
from another series of experiments. For a sample in which successive degradation 
had reduced [n] by a factor of 38 the mobility was unchanged. Cook e¢ al. (8) have 
reported a similar result in which U was constant for a threefold decrease in [n]. 
Thus no correction to U was necessary for the degradation shown in Fig. 2. 


RESULTS 


The variation of [] with change in pH is shown in Fig. 5. From pH 3.5 
to 11.6 [n] was constant to within +2%. Below pH 3.5 a small decrease 
in intrinsic viscosity occurred. 

In contrast, the decrease in [yn] on heating (A[n]) was appreciable at 
pH 3.5, and the effect diminished up to pH 6.0. Above pH 6.0 a small 
constant value of A[n] was found which did not increase at high pH. 

As shown in Fig. 6, the mean mobility was 2.94 X 10~* cm.” sec. * volt 
and was constant within +3 % over the pH range 2.0 to 10.0. 
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Discussion 


The decrease of [7] on storage shown in Fig. 2 was first noted in other 
samples of carrageenin prepared in the same way. The cause of this change 
is uncertain but it may be associated with the method of preparation. 
When the sodium acetate was dialyzed away in the final stages of prepara- 
tion, some Na” ions associated with the polysaccharide would be removed. 
Thus the freeze-dried material would be a partially carrageenic acid. This 
acid is known to be unstable (10), and therefore an acid carrageenate 
might be expected to be easily degraded. However, the replacement of 
sodium ions by hydrogen could not have been extensive, because a 0.3% 
solution of the freeze-dried material in distilled water gave a pH of 5.02. 

If the degradation on dry storage is a general property of the hydro- 
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colloid, the absolute values recorded in previous comparative studies of 
viscosity (2, 11) in which this effect was not taken into account must be 
reconsidered. 

The sensitivity of the molecule to acid is also shown in Fig. 5 by the 
sharp increase in A[y] at pH values below 6.0. This would be expected, 
since the glycosidic linkage is an acetal and therefore is hydrolyzed by 
mild acid treatment but is stable to alkali (12). The absence of a similar 
degradation at high pH shows that the unknown part of the molecule 
contains no bonds which are sensitive to alkali. 

The absolute values of intrinsic viscosity shown in Figs. 1 and 5 were 
within the range of those reported by other workers. From the graphs of 
Map VB. ¢ given by Rice (2), values of [ny] between 1000 and 1500 gm.7* 
em. can be derived. Cook et al. (8) reported intrinsic viscosities of 340 to 
1120 gm. em.’ for different samples of carrageenin, while Masson and 
Caines (13) have obtained values from 70 to 350 gm.” cm.’ for degraded 
preparations. 

By a mild extraction and careful purification of the polysaccharide (9) 
it has been possible to obtain intrinsic viscosities as high as 2700 gm.” 
em.’ in acetate buffer (pH = 5.5; I = 0.05). It is evident that [n] varies 
considerably from sample, to sample, indicating a wide range in the 
molecular size of the polysaccharide depending upon conditions of 
extraction and storage. 

The constancy of [y] between pH 3.5 and 11.6 shown in Fig. 5 suggests 
that for the buffer conditions used the molecular shape was unchanged in 
this range. Light-scattering data have indicated that the molecule is 
rodlike (14) and the recent viscometric study by Masson and Caines 
(13) confirmed this shape. From measurements of the rates of sedimenta- 
tion and diffusion, Cook et al. (8) have reported axial ratios of 160 to 340 
assuming no solvation. The molecule is believed to be branched (15), 
and therefore, the probable configuration is an extended branched structure 
with sulfate groups attached to the polysaccharide units of the chains. If 
the formal charge on the chains was decreased, the molecule would coil 
and a decrease in [n] would result. Since [n] was constant it is probable 
that the molecule remains completely ionized from pH 3.5 to 11.6. This 
is supported by the potentiometric titration of Dewar and Percival (16), 
who showed that the de-ionized polysaccharide from Gigartina stellata 
(a seaweed similar to Chondrus crispus) was a typical strong acid. 

Below pH 3.5 the increased concentration of hydrogen ions would tend 
to cause association which would decrease the number of formal charges 
on the chains. Thus the molecule would coil and the viscosity would 
decrease as observed. 

The constancy of U from pH 3.5 to 10.0 shown in Fig. 6 would be 
expected if the molecule was completely ionized in this range. Below pH 
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3.5, association and coiling would have opposing effects on the mobility. 
The decrease in charge would cause a decrease in U, whereas the change 
to a more spherical shape would cause U to increase (17). As shown in 
Fig. 6, U did not change significantly below pH 3.5, indicating that the 
mobility was equally sensitive to the change in shape as to a change in 
charge distribution. 
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ABSTRACT 

The solubilization of several paraffin hydrocarbons by a polysoap, prepared by 
the partial quaternization of poly-2-vinylpyridine with n-dodecyl bromide, was 
studied viscosimetrically in order to determine the influence of chain length and 
branching of the hydrocarbons. Isoédctane was solubilized to practically the same 
extent as n-octane, indicating that chain branching is of minor consequence. How- 
ever, the solubility of the hydrocarbons decreased with increasing number of carbon 
atoms, though not as rapidly as with ordinary soaps. The solubility of hexadecane 
was still 40% that of hexane. 

While a temperature increase speeded up the solubilization process, it did not 
affect the hydrocarbon solubility, and it caused only a very minor decrease in the 
reduced viscosity of the polysoap solutions, both in the absence and in the presence 
of solubilized hydrocarbon. 


INTRODUCTION 


The ability of soaps’ to solubilize hydrocarbons and other water-in- 
soluble compounds is now well established as being due to micelle forma- 
tion by the soap molecules (1). An additional confirmation of this 
interpretation has recently been obtained through the observation that 
if micelles are “prefabricated” by chemically attaching soap molecules to 
polymer chains the resulting ‘“‘polysoap” molecules solubilize hydrocarbons 
just as ordinary soaps do (2-5). However, no systematic study of the 
effect of the chain length of hydrocarbons on their solubilization by poly- 
soaps has as yet been reported. The results of such a study, dealing with 
the normal paraffin hydrocarbons containing an even number of carbon 
atoms and ranging from hexane to hexadecane, are presented in this paper. 
In order to show the role of chain branching, 2,2,4-trimethylpentane is 


1 These results are contained in a thesis submitted by Lionel H. Layton in partial 
fulfillment of the requirements for the Ph.D. degree, Rutgers University, 1953. 
2 Now at Whiting Research Laboratory, Standard Oil Company of Indiana, 
Whiting, Indiana. ee 
3 This term is used here in its broader sense including both cationic and anionic 
detergents. 
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also included. Some exploratory experiments to determine the influence 
of temperature both on polysoap structure and on hydrocarbon solubiliza- 
tion are also described. In all these studies, the solubilization was deter- 
mined by measuring its effect on the viscosity of a 2% polysoap solution. - 


EXPERIMENTAL 
Materials 


Polysoap L1153, which consists of poly-2-vinylpyridine (D.P. & 1000) 
29.7% of whose pyridine nitrogens were quaternized with n-dodecyl 
bromide and 8.7% carried hydrogen bromide, has been described previ- 
ously (5). The sample used for the comparison of the hydrocarbons at 
25°C. was recovered from an aqueous solution of the original sample by 
removing the water with an air stream, followed by the usual purification 
procedure (2). Whereas the reduced viscosity of a 2% solution of the 
original sample had been 0.289, the corresponding value for the recovered 
sample was 0.283. A second recovery was necessary for the study of the 
temperature effects. The reduced viscosity of the twice-recovered sample 
was 0.271. The cause for these slight drops was not determined. The ef- 
fect of recovery on the maximum amount of hydrocarbon which could be . 
solubilized was found to be negligible. 

The n-hexane and isoéctane were ‘“‘pure grade, minimum purity 99 mole 
percent” Phillips Petroleum Company products. The other hydrocarbons 
were purchased from Eastman Kodak. The n-octane, n-decane, and n- 
tetradecane were ‘‘white label,” the n-dodecane and n-hexadecane ‘‘yellow 
label” grade. All these hydrocarbons were redistilled at either atmospheric 
or reduced pressure. In the case of the dodecane and hexadecane only the — 
fractions boiling between 90° and 91°C. at 9.5 mm. and between 144° and 
145° C. at 8 mm., respectively, were collected. 


Procedure 


Sealed glass ampules containing the polysoap solution and the desired 
quantity of hydrocarbon were tumbled end over end in a constant tem- 
perature bath to attain equilibrium. Three days tumbling at 25°C. was 
found to be sufficient for the hydrocarbons containing ten or fewer carbon 
atoms. However, in order to save time, the ampules containing the hydro- 
carbons with twelve or more carbon atoms were first tumbled at higher 
temperatures (6, 7). This procedure could be advantageously employed 
since, as is shown below, the solubility of the paraffin hydrocarbons is at 
least as high at 45°C. as at 25°C.* Three days tumbling at 45°C. was found 


* The soundness of this procedure is further confirmed by the fact that the 25°C. 
viscosity values obtained with the decane solutions were the same whether the solu- 


tions were first heated to 45°C. or whether equilibrium was reached at 25°C. without 
heating. 
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to be sufficient for dodecane and tetradecane. However, hexadecane, 
which showed an extremely low rate of solubilization at 25°C., needed a 
week of tumbling at 55°C. in order to produce saturated solutions, while 
less severe conditions were necessary to solubilize smaller amounts. Equi- 
librium was considered to be reached for undersaturated solutions when 
no more hydrocarbon was visible, for saturated solutions when further 
increasing the time and temperature of tumbling produced no further 
change in the viscosity of the solution. In all cases where higher tempera- 
tures were used to speed up the solubilization, the solutions were finally 
tumbled for at least two days at the temperature at which their viscosity 
was to be measured. 

The type of ampule used, the method of introducing hydrocarbon into 
the polysoap solution, and the way in which the solution was transferred 
from the ampule into the viscometer were varied depending on the vapor 
pressure of the hydrocarbon and the amount added, according to previ- 
ously established procedures (3-5). Viscosities were measured in a Bing- 
ham viscometer (8) whose constants (pt)o for water were 13,210 and 8845 
gram seconds per square centimeter at 25° and 45°C., respectively. 


RESULTS AND Discussion 


Solubilization of Paraffin Hydrocarbons at 25°C. 


The effect of the solubilization of the hydrocarbons on the viscosity of 
a 2% polysoap solution is shown in Table I, where the reduced viscosity, 
Nsp/C (C = polysoap concentration in grams per 100 ml., and 7s» = specific 
viscosity with respect to water as the solvent), is given as a function of 
K, the hydrocarbon concentration in grams per 100 ml. of solution. Those 
K-values marked with asterisks represent saturated solutions containing 
a visible excess of hydrocarbon at the end of the tumbling period. 

The data show the usual influence of aliphatic hydrocarbons on the 
reduced viscosity, which decreases uniformly with added solubilizate until 
saturation is reached, beyond which additional hydrocarbon has no further 
effect (3, 5). The viscosity depression has previously been found to depend 
only on the hydrocarbon to polysoap ratio, regardless of the polysoap 
concentration, and has therefore been explained as being due to a contrac- 
tion of the polysoap molecules (3). Gram for gram, all the hydrocarbons 
seem to depress the viscosity by about the same amount, in contrast to 
some previous results obtained with a similar polysoap where n-dodecane 
caused a larger viscosity decrease than did isodctane (3). Apparently the 
relative efficiency with which hydrocarbons depress the viscosity of poly- 
soap solutions is very sensitive to small changes in the polysoap structure. 

The hydrocarbon solubilities, K,, expressed in grams per 100 ml. of 
polysoap solution, which are obtained in the usual manner from the breaks 
in the 7sp)/C against K curves (3), are given in the fourth column of Table 
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TABLE I 


Effect of Hydrocarbon Solubilization on the Reduced Viscosity of a 2% 
Polysoap Solution 


n-Hexane n-Octane Tsoéctane n-Decane 
K nsp/| Cc K nsp/ Cc K nsp/ (6 K nsp/ C: 
0.000 0.283 0.000 0.283 0.000 0.283 0.000 0.283 
0.028 0.261 0.016 0.269 0.015 0.270 0.020 0.265 
0.031 0.262 0.035 0.258 0.024 0.266 0.040 0.251 
0.054 0.252 0.051 0.250 0.037 0.257 0.060 | 0.242 
0.070 0.243 0.064 0.244 0.048 0.250 0.080 0.234 
0.080 0.238 0.080 0.236 0.060 0.246 0.100 0.227 
0.105 I~ 0.230 0.090 0.233 0.080 0.237 0.120* | 0.225 
0.120 0.227 0.110 0.226 0.090 0.233 0.200* 0.224 
0.140 0.218 0.150* 0.220 0.110 0.226 0.200* 0.226 
0.200* 0.212 0.180* 0.221 0.150* | 0.219 
02250* 0.213 0.200* 0.220 0.200* | 0.218 
0.250* | 0.219 
n-Dodecane n-Tetradecane n-Hexadecane 
K nsp/C K nsp/C K nsp/C 
0.000 0.283 0.000 0.283 0.000 0.283 
0.020 0.262 0.020 0.266 0.010 0.269 
0.030 0.258 0.020 0.265 0.010 0.272 
0.040 0.252 0.030 0.259 0.025 0.262 
0.050 0.246 0.040 0.250 0.050 0.256 
0.060 0.248 0.050 0.248 Excess* 0.247 
0.072 0.234 0.062 0.242 Excess* 0.250 
0.100* 0.232 0.080* 0.237 
0.100* 0.232 0.090* 0.239 
0.150* 0.231 0.120* 0.237 


IT. Since n-hexane and n-octane are slightly soluble in water (0.012 and 
0.002 g. per 100 ml., respectively (9, 10)), their water solubilities are sub- 
tracted from the K,-values to give the weight of hydrocarbon, S, , actually 
solubilized by the polysoap per 100 ml. of solution. It is seen that to a 
very rough approximation S, is inversely proportional to the number of 
carbon atoms of the hydrocarbon. A better empirical correlation is ob- 
tained on a volume basis. In Figure 1, S,, the volume of hydrocarbon 
solubilized per 100 ml. of solution, is shown to be linear in the reciprocal 
of the molar volume of the hydrocarbon. Isodctane is only very slightly 
more soluble than n-octane so that the effect of branching is practically 
negligible. 

Possibly the most significant feature of these results is the relatively 
high solubility of the long-chain hydrocarbons in polysoap solutions as 
compared with their extremely low solubility in ordinary soap solutions. 


SOLUBILIZATION OF PARAFFIN HYDROCARBONS 


TABLE II 
Hydrocarbon Solubilities in a 2% Polysoap Solution at 25°C. 


Hydrocarbon Density 
n-Hexane 0.655 

Isodctane 0.688 
n-Octane 0.699 
n-Decane 0.726 
n-Dodecane 0.745 
n-Tetradecane 0.759 
n-Hexadecane 0.770 


Ww 
(2) 


Molar volume 


131.6 
166.1 
163.5 
196.1 
228.8 
261.5 
294.3 


Ks 
0.158 
0.133 
0.127 
0.105 
0.081 
0.073 
0.058 


Sg 
0.146 
0.133 
0.125 
0.105 
0.081 
0.073 
0.058 


ie) 
oO 
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Sy 
0.223 
0.193 
0.179 
0.145 
0.109 
0.096 
0.075 


Fig. 1. Effect of molar volume on the solubilization of hydrocarbons in a 2% 


polysoap solution. 


For instance, hexadecane was found to be completely insoluble in all the 
detergent solutions investigated by McBain and Richards (10); yet in 
the polysoap solution its solubility was still 40% that of hexane. This 
result is most likely due to the great number of soap molecules (in the 
present case 300 on the average) which are contained in a polysoap mole- 
cule, but the fact that the structure of polysoap molecules is less compact 
and probably more disordered (11, 12) than that of soap micelles may 


also play a role. 
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Fie. 2. Effect of temperature on the reduced viscosity of polysoap solutions. 


Temperature Effects 


That raising the temperature increases the rate of solubilization has 
already been mentioned. Since, as will be shown below, the structure of 
the polysoap molecules is only very little affected by a temperature rise, 
the high activation energy indicates some potential barrier which appar- 
ently makes it difficult for the hydrocarbon to penetrate to its solubiliza- 
tion locus in the polysoap molecule. 

The influence of temperature on equilibrium properties is also of in- 
terest. Its effect on the reduced viscosity of the polysoap over a tenfold 
concentration range is shown in Fig. 2. The very small decrease, amount- 
ing to about 2-6 % for a 20°C. temperature rise, indicates a slight contrac- 
tion of the polysoap molecules. Now the configuration of a polysoap 
molecule is controlled mainly by three types of forces, namely the elec- 
trical repulsive forces between the ionized groups, the van der Waals 
attractive forces between the long hydrocarbon side chains, and the 
thermal forces. Since it can be shown that the direct effect of the tempera- 
ture rise on the ionization and its secondary effect brought about by the 
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n-Decane in 2% 


Polysoap Solution 


.225 
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Fic. 3. Effect of n-decane solubilization on the reduced viscosity of a 2% polysoap 
solution at 25°C. and at 45°C. 


TABLE III 


Effect of Temperature on the Solubility of Paraffin Hydrocarbons in 
a 2% Polysoap Solution 


Hydrocarbon KK. at 25°C, Ks at 45°C. 
n-Octane 0.129 + 0.008 0.1388 + 0.007 
n-Decane 0.111 + 0.007 0.119 + 0.011 
n-Tetradecane 0.072 + 0.009 0.074 + 0.006 


lowering of the dielectric constant of water approximately cancel each 
other, its over-all effect on the electrical forces should be negligible. Since 
the van der Waals forces are also independent of temperature, the vis- 
cosity decrease is most likely due to the increased thermal forces. These 
forces tend to bring the polymer molecules to their unbiased random coil 
configuration, which is thereby shown to be even more compact than the 
configuration prevailing under the experimental conditions. This result 
in turn leads to the interesting conclusion that the electrical repulsions are 
somewhat stronger than the van der Waals attractions. 

The slight depression of the reduced viscosity with increased tempera- 
ture remains about the same upon solubilization of aliphatic hydrocarbons. 
This is illustrated in Fig. 3, where the effect of temperature on the reduced 
viscosity against decane concentration curve in a 2% polysoap solution 
is shown. Similar results have been obtained with octane and tetradecane. 
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The solubilities of the three hydrocarbons obtained from the breaks in 
the 7sp/C against K curves are given in Table III. The very slight solu- 
bility increases which are observed as a result of the temperature increase 
all fall within the limits of experimental accuracy and therefore cannot be 
assigned any significance. 
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ABSTRACT 


The hemolytic action was measured at 20°C. and at 37°C., of each of a homologous 
series of sodium alkyl sulfates (Cs to Cis) and of each of a homologous series of benzyl- 
dimethylaJkylammonium chlorides (Cs to Cis) dissolved in water, and in n-propanol- 
water mixtures, containing 0.05 M phosphate buffer (pH = 7.2), made isotonic with 
sodium chloride. The results are examined for their bearing on a recent theory of the 
physical chemistry of hemolysis by surface-active agents, advanced by Pethica and 
Schulman. The effect of colloidal association on both hemolytic and bactericidal 
action of surface-active agents is discussed. 


INTRODUCTION 


A series of valuable investigations of the mechanism of hemolysis by 
colloidal electrolytes and other compounds was initiated by E. K. Rideal 
at Cambridge University and was subsequently carried forward by J. H. 
Schulman and his collaborators. A portion of their work dealt with the 
influence of the ionic group of the colloidal electrolyte. More recently they 
have studied the hemolytic reaction in terms of monolayer processes in- 
volving cholesterol and other lipids. Suggestive as this work has been, 
there are still many questions connected with the subject that it makes no 
claim to elucidate. The present study also includes the effect of molecular 
structure on hemolytic activity. By extending the range of conditions, it 
provides a wider foundation upon which to base postulates of mechanism. 

Two homologous series of colloidal electrolytes, one anionic and the other 
cationic, have been used as hemolytic agents at different temperatures and 
also in the presence of added n-propanol at two different temperatures. 
The hemolytic effect of colloidal electrolytes is therefore recorded under 
the influence of four independent conditions, namely, ionic charge, size of 


1 Presented before the Division of Colloid Chemistry at the 125th National Meet- 
ing of the American Chemical Society, Kansas City, Missouri, March 24—April 1, 1954. 

2 This paper is based on a portion of a thesis submitted, by A. M. Silverstein, in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy, to the 
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alkyl group, temperature, and the presence of n-propanol. The data can 
then be systematically examined as a series of comparisons in which three 
conditions are constant and one is varied, or twelve different comparisons. 


MATERIALS AND EXPERIMENTAL TECHNICS 


1. Materials 


The series of alkyldimethylbenzylammonium chlorides has been used 
previously in a study of their bactericidal effects and the method of synthe- 
sis and analytical data are already published (1). These materials were 
supplied by courtesy of the Sterling-Winthrop Research Laboratories. The 
trimethyldodecylammonium chloride is a sample generously provided by 
Dr. H. J. Harwood of the Armour Research Foundation. The pertinent 
information about this material has also been published previously (2). 

The series of sodium alkyl sulfates (3) was kindly provided by Dr. Fred 
Karush of Children’s Hospital, Philadelphia, Pennsylvania, with the ex- 
ception of the 14-carbon member, which was kindly supplied by Mr. E. 
Barthel, Jackson Laboratory, E. I. du Pont de Nemours and Company. 
Dodecyltrimethylammonium bromide was also provided by Mr. Barthel. 

All reagents employed in this study were made up and diluted in 0.05 M 
phosphate buffer at pH 7.2 made isotonic with sodium chloride. 

The red cell suspension used is prepared as follows: sheep blood is drawn 
into citrate-glucose solution (4) to prevent clotting, stored at 3°-6°C., and 
used for no longer than one week. Each day a portion of the blood is cen- 
trifuged and the cells washed three times in isotonic salt solution by 
decantation. The washed, packed cells are then suspended in buffer to 
yield a 2.5 %-by-volume suspension, and the suspension is then standard- 
ized exactly for hemoglobin content in a Coleman Junior Spectrophotom- 
eter at 545 muy. 

KXetene is prepared according to previously described methods (5), and 
bubbled through a chilled suspension of 5% sheep cells in isotonic NaHCO; 
solution. The bicarbonate is used in order to neutralize acetic acid formed 
during the acetylation of the primary amino groups of the protein moiety. 
After 15 minutes of treatment, the cells are washed three times in buffer 
by decantation and then adjusted to yield the standard 2.5% suspension. 
These acetylated cells are used in place of the normal, untreated cells for 
certain experiments. 


2. Hemolysis Technics 


The minimum concentration of each detergent necessary to hemolyze 
50% of the standard cell suspension is determined as follows. Various dilu- 
tions of the detergent in isotonic buffer are prepared and brought to the re- 
quired temperature. One-tenth of a milliliter of each dilution plus 0.2 ml. of 
buffer at the same temperature are pipetted into 10 X 75-mm. test tubes, 
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_ and then 0.2 ml. of the standard red cell suspension is added. The mixture 
is allowed to react for 15 minutes in the water bath with shaking. At the 
end of this time, 1.0 ml. of cold 0.15 M NaCl solution is added and the 
mixture shaken and immediately centrifuged for 3 minutes to remove all 
unhemolyzed cells. The degree of hemolysis is then determined by reading 
in the spectrophotometer, which has been previously standardized to read 
directly the per cent hemolysis with the cell suspension used. That concen- 
tration of hemolytic agent just causing 50% hemolysis in the 15-minute 
interval is called the minimum hemolytic dose (Cy,,). 


EXPERIMENTAL RESULTS 


The determination of hemolytic effectiveness for each member of each 
homologous series was done at each of two temperatures, 20.0°C. and 
37.0°C., and then each determination repeated in the presence of 0.50 M 
n-propanol. In addition, for further comparison, the sample of trimethyl- 
dodecylammonium chloride was investigated under all the same conditions. 
The data are reported in Tables IA and IB and graphically in Figs. 1 and 2 
as a series of twelve comparisons. 


TABLE IA 


The Hemolytic Activities (Cu, .) in Moles per Liter of a Homologous Series of Alkyldi- 
methylbenzyl Ammonium Chlorides in the Presence and Absence 
of 0.6 M n-Propanol at 20°C. and 37°C. 


eres No propanol 0.5 M n-Propanol 

ae 20°C. “YACE 20°C. OD 
Cs AOE Xe Ox? ae On? ZeO Xa 10m 3.0: 10 
Cio Sige <oudl (Ome Lee <a Os? ee) 6 NOY 3.0 0% 1074 
pe ole 24S ce 10-4 1.5 X 107 1.8< 10-4 4.5 X 1075 
Cus: 249 >< 105° OO LOR OR Ome DRO al Ome 
Cis Sh Sa es asy xO 14° X 1075 Total Ome 
Cis 240 < AOe> SAN SY SO Se Ore Drom nL Om 

TABLE IB 


The Hemolytic Activities (Cu; ) in Moles per Liter of a Homologous Series of Sodium 
Alkyl Sulfates in the Presence and Absence of 0.5 M n-Propanol at 20°C. and 87°C. 


Seri No propanol 0.5 M n-Propanol 

eries 

ee 20°C. O77. 20°C. Si fel Gs 
Cs ASI 1 Or 1.6 X 10? ee SS MR 30 10s 
Cio 9.7 X 10-4 1 De Drag ani eat al One Bee dre 
Cie 5.9 KX 10-5 9.8 X 10-5 Gal << MOY Biot) pe NO 
Cis 2 oe 107° Sot eG Oi amy SS Wee 3.4 & 1075 
Cis Bas, 10 oot > OES LNT SCY DPV. NVA 
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The determination of the hemolytic activity of dodecyltrimethyl- 
ammonium bromide was done under the same conditions as are listed above 
and is compared with the results for the C1, members of the two series in 
Table II. 


DIscussION 

In Figures 1A and 1B the effect of temperature is shown on the hemolytic 
activities of the cationic and anionic detergents, respectively. The cationic 
series has a positive temperature coefficient for the lower members, be- 
coming zero. at the 14-carbon member and above. The anionic series has 
zero temperature coefficient throughout, save for the 18-carbon member, 
which exception may be attributed to the greater solubility of this rela- 
tively insoluble material at the higher temperature. Figure 1B agrees with 
the results of Ponder (6) that the activity of alkyl sulfates at 20°C. increases 
with chainlength and reaches a maximum at Cy. The maximum for the 
quaternary ammonium salts is at Cy. 

The effect of the presence of 0.50 M propanol is to emphasize the tempera- 
ture dependence of the hemolytic activity (Figs. 1C and 1D), especially 
notable for the alkyl sulfates, which previously had little or none. Com- 
parisons of the effect of propanol at a single temperature (Figs. 2A, 2B, 2C, 
and 2D), shows that generally the propanol activates hemolysis by members 
of both series, the smaller chains more than the larger chains. The alkyl 
sulfates at 20°C., however, are not affected by the presence of 0.50 M/ 
propanol. 

The remaining diagrams compare the two detergent series directly under 
the various conditions (Figs. 1#,1/, 2H, and 2F). The alkyl sulfates are 
less soluble than the corresponding homolog of the quaternary ammonium 
series, and the higher members of the alkyl! sulfate series are not sufficiently 
soluble to demonstrate their full hemolytic capacity. This phenomenon is 
akin to the ‘“‘Ferguson principle,” in which the cut-off in activity is ascribed 
to a solubility effect (7). It is generally evident that the higher alkyl sulfates 
appear less active than the corresponding quaternary ammonium salts, 


TABLE II 


Comparison of Hemolytic Activities (Cu59) in Moles per Liter of Dodecyl-Substituted 
Colloidal Electrolytes 


No propanol 0.5 M n-Propanol 
Ci2He5 
202C: Bien 20°C; Sr Ge 
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even though in general the alkyl sulfates are the more active hemolytic 
compounds. Schulman and Armstrong (8) have compared the hemolytic 
activities of a number of 12-carbon chain detergents and found the alkyl 
sulfate more active than trimethylammonium salt. We have also observed 
the same general result (Table II). The order of hemolytic activity 


H(CH2)12—SO.- > —C,H;CH.2Nt(CHs3)2 > —Nt(CHs3)3 


is preserved throughout all the various conditions employed in this study. 
These authors attribute the order of biological activity in part to a stereo- 
chemical or orientation effect of the ionic group, which can produce con- 
siderable differences in associating power between two ions or an ion and 
an induced dipole. 

In a recent paper Pethica and Schulman (9) propose the view that 
hemolysis by saponin and ionic detergents is caused by interaction with the 
cholesterol portion of the red cell surface. This hypothesis emphasizes the 
interaction between the lipid portion of the cell membrane and the hydro- 
phobic part of the detergent molecule. The results shown here and other 
well-known evidence for the increase of hemolytic activity with increasing 
size of alkyl group, show how important this interaction is. Similar results 
for an increase of bactericidal action of quaternary ammonium salts with 
increasing size of the alkyl group have also been interpreted as due to in- 
creasing hydrophobic interaction (1). 

These considerations, however, need not deny the importance of the 
concomitant interionic attraction and the significance of the protein portion 
of the cell surface. It is well known that the protein molecule contains both 
positive and negative ionic groups. Interaction between proteins and de- 
tergents is also well known (10, 11) and has been reviewed by Valko (12) 
and by Putnam (13). An experimental fact that shows immediately the 
importance of the ionic group is the comparatively weak hemolytic action 
of nonionic detergents. 

We have, moreover, observed that subhemolytic concentrations of sodium 
octyl sulfate will inhibit the hemolytic action of sodium hexadecyl] sulfate. 
Thus 10~? M sodium octyl sulfate produces a visible reduction in the rate 
of hemolysis by sodium hexadecyl sulfate, and a corresponding reduction 
in its hemolytic potency. This competition between the 8- and 16-carbon 
atom anions on the red cell surface is similar to that observed by Karush 
(14) between an anionic azo dye and sodium dodecyl sulfate on bovine 
serum albumin. The similarity is suggestive, since Karush interprets his 
results as competitive interaction between the organic anions for the 
oppositely charged sites on the’ protein molecule. 

Perhaps the most direct evidence of the importance of the ionic groups 
on the erythrocyte surface as the primary site of hemolytic attack by ionic 
detergents is the effect of the acetylation of the amino groups on the erythro- 


HEMOLYSIS BY COLLOIDAL ELECTROLYTES 163 


cyte surface by ketene. After thus reducing the number of surface cationic 
groups, the hemolytic activity of an anionic detergent is considerably 
lowered, while that of a cationic detergent is practically unimpaired. 
(These experiments are reported here for the first time.) 

The connection of the biological action of quaternary ammonium salts 
(same salts as discussed in this paper) and their colloidal properties has 
been discussed by Ross, Kwartler, and Bailey (1). The increase of effective- 
ness with the number of carbon atoms is shown both in the hemolytic 
action and in the antibacterial action of these quaternary ammonium salts. 
The maximum action occurs at Cis for hemolysis and at Cy for the bac- 
tericidal effect. The presence of the maximum may be accounted for in the 
same way in both cases, namely, as a competition for detergent molecules 
between the cell surface and the colloidal micelle. Since micelle formation 
increases more rapidly than biological activity, as a function of the number 
of carbon atoms, the higher members of the series begin to show a declining 
hemolytic and bactericidal effect. Both in the hemolytic and in the bac- 
tericidal measurements, the concentrations used are in the same range as 
the critical micelle concentrations for Cys and Cys-alkyl groups, and it is 
precisely here that the effect of micelle formation influences the biological 
effectiveness. Low solubility of the detergents also influences biological 
effectiveness in the same way as does pronounced micelle formation and, 
for the alkyl sulfates, both low solubility (for the Cis member at 20°C.) 
and increased micelle formation contribute to produce the maximum. 

For the lower member chains, micelles in the bulk solution should not 
affect the hemolytic action, as the critical micelle concentration is far 
greater than the concentrations at which hemolysis occurs. It is therefore 
not to be expected that any relation can be found between CMC and 
hemolytic action for these lower members. Flockhart and Ubbelohde (15) 
have measured, by electrical conductance, the CMC of sodium lauryl] 
sulfate in water and in water-propanol mixtures. Examination of their 
results reveals that although the presence of propanol and differences in 
temperature cause relatively large variations in CMC, these variations are 
not paralleled by the variations of the hemolytic action. This is shown by 
the results reported in Table III. 

Variation of temperature and the presence of n-propanol affect the 
hemolytic activity of detergents containing low-member chains in a 
manner that cannot be described as caused by their effect on micelle forma- 
tion. It is only when the CMC is low, indicating a strong tendency to form 
micelles, that micelle formation can clearly be discerned as directly in- 
fluencing the biological activity. Indirectly, the CMC may be taken as a 
measurement of surface activity, and the lack of correlation shown in 
Table III suggests mechanisms of hemolysis not related to the surface 
effects stressed by Pethica and Schulman. 
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TABLE III 


Comparison of CMC* and Hemolytic Activity of Sodium Dodecyl Sulfate in the Presence 
and Absence of 0.5 M n-Propanol at 20°C. and 37°C. 


No propanol 0.5 M n-Propanol 
Moles/liter 
20°C. ois 20°C. Sieee 
Caso Dey Se MEY OFS Lime Onl xMO=2 3.8 X 10° 
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« The values for CMC are interpolated from Fig. 6 of the paper by Flockhart and 
Ubbelohde (15). 


It has been pointed out by Love (16) that sodium dodecyl] sulfate has 
unusual hemolytic action on human erythrocytes. A short initial period of 
rapid hemolysis is followed by an interruption of cell destruction that may 
last for many minutes before, finally, the disappearance of the remaining 
cells. This behavior is quite unlike the usual sigmoid curves found for 
kinetic hemolysis by complement, by butyl alcohol, or by distilled water, 
which show a period of lag before the onset of hemolysis. The following 
remarks by Love (16) have an important bearing on the present work. 

“The relatively simple hemolytic action of ... exposure to butyl alcohol 
is considerably modified in the case of sodium dodecyl sulfate, sodium 
oleate, and sodium taurocholate, all of which show an anti-hemolytic as 
well as hemolytic action. It is perhaps significant that the three compounds 
which have so far been found to have this additional effect are those which 
have a marked capacity for forming micelles. Their protective action may 
be a result of a tendency to aggregate with neighboring molecules when — 
combined in large numbers with the cell surface.” 

During the course of the present work, hemolytic effects similar to those 
described by Love were observed. The magnitude of the instantaneous 
initial hemolysis is most pronounced with the higher members of the 
homologous series, both quaternary ammonium salts and alkyl sulfates, 
and is progressively less pronounced for the smaller alkyl groups. Below 
dodecyl the effect is imperceptible. This observation may be expected if 
Love’s suggestion is true, namely that the unusual hemolytic action is 
characteristic of substances with a marked capacity for forming micelles. 
The tendency to form micelles decreases exponentially with a decrease in 
the size of the alkyl group (1). 

It was also observed in the course of this work that the presence of 
small amounts of n-propanol down to 0.10 M, causes the disappearance of 
the unusual hemolytic effect obtained from the higher members of both 
series. The presence of such low concentrations of n-propanol affects the 
bulk CMC of the detergents only slightly (cf. Table III), but effects that 
may occur at the erythrocyte surface are not necessarily described by 
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observations of bulk phenomena of detergent solutions in the absence of 
erythrocytes. The dielectric constant at the surface may be altered by 
n-propanol and surface aggregation greatly reduced as a consequence. 
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INTRODUCTION 


If a rather concentrated (30-50%) solution of ferric chloride be reacted 
with about 90% its stoichiometric equivalent of a base, such as sodium 
hydroxide or calcium carbonate, and if the resultant familiar slurry or gel 
of hydrous iron oxide and other reaction products be held for a sufficient 
time at a suitable temperature (about 1 hour at 300°C., 12 hours at 125°C., 
or 114 years at room temperature), it changes to a precipitate of coarse 
(about 1 ») spheroidal particles of surprising uniformity of size and shape. 
(Fig. 1). They have been called ‘‘K-particles,’ and the bulk material is 
called ‘“K-FeQ3.” It is believed to be the most uniform nonangular partic- 
ulate inorganic material to have been made by precipitation methods. It is 
with our studies of the nature of these particles and the mechanism of their 
formation that this paper has to do. 


PROPERTIES OF K-Fe.O; 


A sample of K-Fe.O; made from materials of commercial purity (a 
selected ground limestone was the precipitant) contained about 96% 
Fe.O3, 1% SiOz, 2.6 % HO, 0.76 % Cl, traces of CaO and Al,O3, and 3.3% 
L.O.1. at 1000°C. Some HCl was driven off on ignition and a trace of FeCl. 
The density was 4.66. In heating overnight at 240°C., the loss in weight was 
1.8%, mostly water; the density became 4.86. 

K-Fe,O is strikingly optically active. Between crossed Nichols or Polar- 
oids, isogyres are clearly visible and when the microscope stage is rotated 
they weave in and out in the fashion characteristic of biaxial crystals. 
Incidentally, for many of these microscopic investigations a sulfur-selenium 
mount was preferred. 

The particles are transparent. Had panchromatic film been used in 
preparing Fig. 1, they would have appeared clear-centered. 

Considered as a pigment for the preparation of paints, oleoresinous 
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Fig. 1. Photomicrograph of K-Fe20;; X 860. 

Fie. 2. A single K-particle; 1 1 = 20 mm. 

Fia. 3. Photomicrograph of K-Fe,0; made with seed added; X 860. 
Fig. 4. Photomicrograph of K-Fe:0; made without seed added; X 860. 


enamels, and the like, K-Fe.O; has much better color, 7.e., higher chroma, 
than any other known iron oxide. This would in part be accounted for by 
the uniformity of particle size and shape and it is felt that more is involved. 
Heating for 16 hours at 240°C. grossly alters, darkens, the shade, although 
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the particle size and shape as observed on the microscope is not affected. 
Neither is the primary particle size as estimated by X-ray diffraction line 
broadening. We have never been able completely to dehydrate a sample 
without a gross color change. 

It would be most enlightening to determine the absorption and scattering 
spectra of these materials but time has not permitted. It could probably be 
accomplished by coating lacquers or enamels pigmented with them on glass 
sheet or cellophane, determining the reflectance over white and over black 
at various wavelengths, and applying the mathematics of Kubelka and 
Munk (1) and Steele (2). 

K-particles are prolate spheroids with an average axial ratio of about 
0.80. The particle in Fig. 2 appears to have an axial ratio of 0.74. The 
particles are rough, having a roughness factor, specific surface/geometric 
surface, of about 22. The roughness is unaffected by prolonged calcination 
below 300°C. The specific surface was determined by Np» adsorption using 
the Branauer, Emmett, and Teller method (3, 4). The slowness with which 
adsorption equilibrium was reached suggested pores of the order of 16 A’. 

K-Fe,O; gives an X-ray diffraction pattern of a-Fe,O;. The line broaden- 
ing indicates a particle size of about 250 A®. The line broadening is more 
pronounced with a coarse, dark product than with a finer, lighter material. 


EXPERIMENTAL 


When the slurry of hydrous iron oxide described in the first sentence is 
heated in an autoclave to convert it to K-Fe.03, the available iron all 
deposits on the particles in an hour or two if the temperature is suitable and 
after this has happened nothing further occurs; autoclaving for a much 
longer time has no effect. This suggests that seed or nuclei are present in 
the slurry and that it is the ratio of their concentration to the concentration 
of available iron that determines the particle size. It is also evident that 
seed do not continue to form during the autoclaving or the striking uni- 
formity of particle size could not result. 

It was found that K-Fe,O; exhaustively pebble mill ground in water 
would behave as seed when thoroughly mixed into the slurry before auto- 
claving. The photomicrographs of products made with and without added 
seed show the effect clearly (Figs. 3 and 4). In this case 0.007 of the iron 
came from the added seed. The effect was less but still marked with 0.0007, 
barely detectable with 0.00007. A similarly ground pigment iron oxide, 
known to be hematitic, behaved the same way, as did particular types of 
Al,O; and Cr,O3, perhaps because of the crystallographic similarity. Many 
other materials, such as very fine glass, silica, and SiC had no effect. 

To study the rate at which the K-particles grow, 10 ml. portions of 
slurry were sealed in heavy walled glass tubes which were placed in capped 
steel nipples. In one nipple a glass tube containing a liquid (glycerine) 
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TABLE I 
Hours a(n) b(u) b/a A (yp?) V (u3) 
3 0.7166 0.627 0.87 1.36 0.148 
3.5 0.9415 0.771 0.82 2.14 0.293 
4 0.946 0.794 0.84 2.23 0.312 
5 1.183 0.927 0.78 3.21 0.532 
6 1.398 1.100 0.79 4.51 0.886 
6.5 1.350 1.087 0.81 4.33 0.836 
a 1.525 1.298 0.85 5.81 1.34 
7.5 1.598 1.279 0.80 6.01 1.37 
8 1.702 1.323 0.78 6.58 1.56 
8.5 1.758 1.398 0.80 7.22 1.80 
9 1.906 1.500 0.79 8.19 2.25 
9.5 1.829 1.460 0.80 7.84 2.04 
10 2.046 1.608 0.79 9.74 Pett 
10.5 2.233 1.735 0.78 11.31 3.52 
11.25 2.393 1.879 0.78 13.17 4.42 
12 2.306 1.810 0.79 12,22 3.95 
21.5 2.343 1.856 0.79 12.76 4.15 


*q@ = major axis; b = minor axis; A = area; V = volume. 


carried a thermocouple. The nipples were placed in a rack which kept them 
widely separated and the whole placed in a thermostatically controlled 
oven. Tubes were removed at intervals, the K-particles separated by centri- 
fuge washing, and 1200 photomicrographs made and enlarged to 4800. 
The time at which the thermocouple reached 125.5°C. was taken as zero. 
Tubes were removed every half hour for twelve hours. Figures 7 and 8 
show the 3- and 12-hour samples. On each photomicrograph twenty-five or 
more particles were measured along both axes, the arithmetic means taken, 
and volume and area computed. Results are listed in Table I. Figure 5 
shows volume plotted against time. 

This experiment also showed that the particles grew from seed and that 
their shape remained substantially constant during their growth. Prior to 
this it had been suspected that the K-particles might result from the 
solidification of tactoid-like entities or that their shape (they were originally 
regarded as spheres) and size might be the result of the action of interfacial 
forces, as in some emulsions. 

If the data in the last column of Table I be plotted as a function of the 
log of the volume against time, a straight line is obtained. The reaction 
kinetics implied by this fact are unique. The equation for the curve is log 
V/Vo = kt, where k is a constant and ¢ is the time. Differentiation of this 
equation gives dV/dt = kV. The rate of growth of the particles is propor- 
tional to their volume and, insofar as available data show, it is independent 
of the concentration of iron oxide in the slurry until that iron oxide is used 
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Fra. 5. Volume of a K-particle as a function of the time of autoclaving. 


up, at which point the reaction stops. Although it would be interesting to 
speculate about the kind of force necessary to such a growth law, it would 
perhaps be well to leave it with the simple statement that ferromagnetic 
particles might act in such a manner. The particles do appear to be slightly 
ferromagnetic, although the B-H curve does not have a perceptible loop. 
a-Fe,O3 is regarded as slightly ferromagnetic as well as paramagnetic (5). 

It having been established that the K-particles could grow from seed 
(ground K-Fe.O;, etc.), it was suspected that they always did. Since the 
particles continue to grow until the available iron is exhausted, it was 
supposed that each particle grew until the iron available to it was ex- 
hausted. If, then, there was no relative movement of the particles during 
growth, the final size of each one would depend upon the proximity of others 
and high uniformity would require uniform (not statistical) distribution of 
the seed in the slurry—a quite impossible situation. Incidentally, with a 
slurry of the type most commonly used the amount of iron needed to form 
a 2-y particle would be contained in a spherical volume 7.17 u in diameter. 
The fact of uniformity, then, seemed to indicate that there was some rela- 
tive motion, as from convection, but many attempts to demonstrate the 
point, as by inhibiting convection by having the slurry in a tight bed of 
inert particulate material, were fruitless. It was then suggested that if 
there were an energy barrier at the particle surface which would prevent 
the capture of most of the needles (those not possessing some minimum 
kinetic energy) diffusing to it, so that the rate of diffusion would be large 
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compared to the rate of capture, the uniform rate of growth and final size 
would be adequately explained. The same result would be expected if 
needles could be captured only if they had a preferred orientation. Since 
the needles are oriented in the K-particles, this is offered as an explanation. 

When the 7-hour sample from the series in Table I was removed from the 
sealed tube it was diluted and centrifuged to remove the partially formed 
K-particles. The supernatant liquid, which was a clear sol, was studied on 
the electron microscope. Figure 6 shows the particles. They appear as 
needles 50 to 80 A. wide by 800 to 1000 A. long. These needles do not con- 
tinue to grow but deposit on and constitute the growing K-particles. It 
takes about 2 X 10° such needles to make a 2-u K-particle and the orienta- 
tion cannot be random or the particles would not be optically active. 

The size of these needles was reasonable confirmation of the particle 
size as estimated by X-ray diffraction line broadening, 250 A. 

The control of the particle size of K-Fe,O; lies in the preparation, com- 
position, and history of the slurry to be autoclaved, provided the auto- 
claving is carried to completion, as it always was except in the experiments 
just described. Precipitating on the alkaline side, 7.e., adding the FeCl, 
solution to the NaOH solution instead of the reverse (there is always 
violent agitation), precipitating at a higher temperature, autoclaving the 
slurry immediately rather than a few days or months later, and a lower 
excess FeCl;, all give products composed of smaller K-particles. When 
such a material was made with a very small excess of FeCl;, about 2%, the 
final product was so fine that it could not be resolved on the light micro- 
scope. An electronmicrograph (Fig. 9) shows that they are not K-particles 
at all. They appear to be more or less cubic with edges about 0.15 » and 
less. A substantially identical electronmicrograph was prepared from the 
216 hour sample of Table I. The tiny crystals, which form first, remain as 
such if there is no iron oxide from which the K-particles can develop or if 
the temperature is lowered before they do. These, then, must be the seed 
from which the K-particles develop by the accretion of the needles. Some of 
the material of Figure 9 was tested as seed with positive results. 

Figure 10 is from the 4-hour sample in Table I. All evidence of angularity 
is lost and the particles are spheroids about 0.6 u X 0.8 u. The specimen 
was prepared from the autoclaved slurry by washing on the centrifuge and 
a minute drop of the dilute suspension was placed at once on the coated grid 
and into the electron microscope. It had never been dry until it was sub- 
jected to the combined action of the vacuum and the electron beam in the 
’scope. In this micrograph there are many needles adhering to the particles 
and a few in addition. It should be recognized that there is no reason for 
feeling that those needles were caught in the act of becoming parts of the 
K-particles. They were present in high concentration in the liquid and 
these few stuck to the particles while the rest were washed away. 
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Fria. 6. Needles of a Fe.O; from which K-particles are formed; 1 » = 34 mm. 
Fra. 7. Slurry of hydrous iron oxide heated for 3 hours at 125.5 C.; X 860. 
Fig. 8. Slurry of hydrous iron oxide heated for 12 hours at 125.5 C.; X 860. 


These angular particles, which seem to be the seed which develop into 
K-particles, must be ionic crystals which grow from ions in solution. The 
nuclei from which they develop must be the entities, the concentration of 
which is controlled by the conditions obtaining during and subsequent to 
precipitation. It is their concentration, then, that determines the particle 
size of the final product. To check the point some dilute ferric chloride 
solution was dribbled into a slight excess of agitated dilute sodium hydrox- 
ide at an elevated temperature (80°C.), the precipitate thoroughly washed, 
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Fia. 9. Crystals of Fe.O3; 1 4 = 21 mm. 
Fia. 10. Incompletely autoclaved sample with needles adhering; 1 » = 26 mm, 


and a minute amount very thoroughly incorporated into a slurry before 
autoclaving. It greatly reduced the particle size of the autoclave product, 
just as seed would have done. It seems that the nuclei are formed during 
precipitation and their concentration determines the concentration of the 
seed formed during the early stages of the autoclaving, which, in turn, de- 
termines the particle size of the final K-particles. The actual makeup of 
these nuclei can only be surmized, but that they are labile is evidenced by 
the fact that the slurries yield coarser and coarser autoclave products as 
they age, until they gradually level off and become constant after a few 
months. 

The slurry made by the partial neutralization of ferric chloride contains 
all of the salt, alkali, or alkaline earth chloride (MgCO; and NH,OH have 
also been used) that was formed in the reaction. It is of interest to consider 
the role of the salt. Its effect, if not its role, was studied rather roughly 
by altering the concentration and autoclaving. When a slurry is made more 
dilute in salts by alternate centrifuging, decanting and diluting it soon 
peptizes so that centrifuging is no longer effective. The concentration can 
be further reduced by dialysis and still further by electrodialysis but the 
first operation was sufficient to demonstrate the effect. The original con- 
centration of CaCls, ordinarily determined on the mother liquor after auto- 
claving, is about 0.038 g./ml. When these slurries of lowered salt content 
were autoclaved, the products were still relatively normal with a concentra- 
tion of 0.0044 g./ml. but became atypical at lower concentrations. The 
true role of the soluble salt is by no means clear but that it should be 
necessary for the agglomeration of the needles to form K-particles is not 


surprising. 
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CONCLUSIONS 


If a solution of ferric chloride be partially neutralized and the slurry 
autoclaved, the product and the mechanism of its formation are truly 
remarkable. Much has been learned of both but still more remains to be 
learned. The writer hopes that someone will see fit to continue the problem. 
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EXPANSION OF MOIST AIR 
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The formation of large concentrations of ice crystals from aircraft 
propeller and wing induced vortices is of common occurrence, although 
these are not often noticed owing to the fleeting nature of the phenomenon. 

During some of the early laboratory work of Project Cirrus, Vonnegut 
described (1) a few simple experiments illustrating the ease with which ice 
crystals may be formed under suitable conditions of rapid adiabatic ex- 
pansive cooling. A short while later the writer made a brief investigation 
of this effect and more recently concluded a series of experiments designed 
to explore some of the quantitative relationships between moisture, pres- 
sure, and humidity. Several methods were used for conducting these 
experiments. 

One of these consisted of a copper cylinder which could be capped, 
pressurized, the absolute humidity of the air controlled, and then the 
pressure released suddenly by a trigger device. A much simpler but equally 
effective method used a small, thin-walled glass bulb which after being 
pressurized could be broken suddenly with a falling weight. This latter 
method will be described in detail, since it. produced results similar to that 
obtained with the more elaborate equipment. 


Tue Guass Spoere Merruop ror Propucinc LARGE NUMBERS OF IcE 
CRYSTALS 


A ten-inch length of pyrex glass tubing 0.167 O.D., 0.075 I.D., was 
heated in cross flames until one end closed. This was then blown into a bulb 
of 0.225-in. diameter with walls about 0.015 in. thick. One and one-half 
inches of tubing was left attached to the glass sphere. A small brass rod was 
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turned to make a slide fit in the bore of the tube. One end was turned to a 
diameter of 0.140 in. so that when placed against the end of the 114 in. 
length of glass tube its small end did not project into the interior of the 
bulb but was flush with its inside surface. A small slot cut along the length 
of the brass rod with a jeweler’s saw served as an air leak during pressuriza- 
tion and limited the flow down the tube after breakage. A copper tube with 
high pressure connections using about 2 in. of high-pressure plastic tubing 
was used to connect the air line to the small sphere. The bulb as used had 
a volume capacity of approximately 0.1 cm.’. 

Humidity under most conditions of the experiment was obtained by 
establishing equilibrium with respect to ice at a specific temperature. This 
was accomplished by injecting enough water into the bulb with a micro- 
pipet to coat the bulb’s interior with a thin layer of water. This was then 
frozen. 

For making a run at a specific temperature, a copper block was machined 
to accommodate the glass bulb in a suitable position for cooling, breaking, 
and permitting the pressurized air to escape into the surroundings without 
delay. The unit is shown as Fig. 1. 

The copper block was fashioned as an integral part of the breaking 
mechanism and made small enough to be conveniently raised and lowered 
in a cold chamber. When operated a brass block 10 em. X 2.5 em. X 1.25 
em. having a hardened steel point projecting from its lower surface was 
raised 50 cm. to the top of two guide shafts and then suddenly released. 
Upon falling the steel point impinged upon the glass bulb and shattered it. 
The expanding air then shot rapidly outward from the cavity into the sur- 
rounding air of the cold chamber. 

A cold chamber of 100 1. capacity was used in all experiments. It was 
operated at an equilibrium temperature of — 14°C. + 1°C. with a continu- 
ous supply of moist air feeding into it and forming a supercooled cloud (2). 
Under such conditions, ice crystals have a highly favorable environment for 
continuing growth, sin¢e at —14°C. the differential of the partial vapor 
pressures of ice and water reaches a maximum value. 


THE RESULTS OF GENERATING Ick CRYSTALS BY THE RAPID EXPANSION 
or Moist Arr 


In the series of experiments to be described, six different pressures and 
three different temperatures were used. After the crystals were generated 
by the sudden expansion of the compressed air, the number formed in this 
manner was estimated by the procedure described by the writer (3) in- 
volving the rate of fall out of ice crystals being fed moisture at a constant 
rate. 

| An entirely different method was used in earlier experiments which gave 
similar values but was not as convenient and also required greater experi- 
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Fig. 1. Schematic diagram of sphere breaking apparatus. 


mental skill and more equipment. This method utilized two cold chambers. 
The ice crystals were generated in the first chamber which had a volume of 
50 1. Immediately following the generation of ice crystals by expansion, a 
known volume of the highly concentrated mass of crystals was rapidly 
transported from the 50-1. chamber to another having a capacity of 100 I. 
Both chambers contained supercooled clouds. The small but highly concen- 
trated mass of crystals spreading through the second chamber became suffi- 
ciently diluted so that their concentration was low enough to prevent 
further evaporation of the smaller crystals and far enough apart to permit 
the concentration to be estimated. By measuring this concentration in the 
second chamber and knowing the fraction of the volume removed from the 
first chamber, it was possible to determine the initial concentration of crys- 
tals to a reasonable degree of accuracy. 

It is important to realize that in all cases described the values given 
represent a low limit of the initial concentration. Evaporation, coagulation, 
melting, and other effects may have reduced the observed values by several 
orders of magnitude. 
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Fia. 2. The concentration of ice crystals formed spontaneously as related to pressure 
and temperature (moisture). 


Tur CONCENTRATION OF ICE CRYSTALS OBSERVED 


As shown by Fig. 2, an upper limit to the number of ice crystals which 
may be produced by expansion cooling seems to lie in the range of 10" per 
cubic centimeter. The actual value of the concentration of primary nuclei 
might be ten to one hundred or more times greater than this concentration 
for the reasons mentioned. 

Even though this observed value of 10" crystals per cubic centimeter 
represented the maximum number which could be formed by rapid adiabatic 
expansive cooling, the fact that it is possible to form such tremendous num- 
bers of ice crystals in pure air is of great significance. It becomes obvious 
that a mechanism is involved which does not rely on foreign particle nuclei 
to serve as centers of formation. Of even greater significance is the sharp 
break which occurs in the curve shown in the figure. This indicates that a 
sharp discontinuity occurs in the physical relationships causing this phe- 
nomenon. Although it has not thus far been possible to firmly establish the 
physical mechanism responsible for the formation of such a tremendous 
initial concentration of ice crystal nuclei, other experiments give strong 
clues in this direction. The dry ice effect, originally reported by the writer 
(4) and more recently studied in detail with the continuous cloud chamber 
(5), suggests that the spontaneous formation of ice crystals occurs only 
when air contains moisture equivalent to water saturation at —39°C. and 
the air cools to at least that temperature. Under such conditions, submicro- 
scopic ice crystals form in great number. If they are surrounded by air 
supersaturated with respect to ice, those which exceed a critical size con- 
tinue to grow by the vapor diffusion process. 
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TABLE I 
Data Obtained Under Several Conditions of Temperature and Pressure. 
Pressure, psd. Bulb temp., °C. even ape Crystals formed, No. n/cm.? 

3 —18 0.923 2.7 X 103 

6 —12 1.673 Iv Se Oe 
10 +25 23 .063 15 ><A109 
10 —15 1.303 3.3 X 107 
15 —15 1.303 15 xX 108 
15 —18 0.923 5.5 X 109 
15 —19 0.863 1:6 X 108 
15 —20 0.755 4.3 < 101° 
15 —30 0.2038 ieaixs 1020 
30 +25 23 .063 9.6 X 10° 
30 —12 1.673 ASS SON 
30 —30 0.203 ies ox ORY 
60 +25 23 .063 Downe LOL? 
60 —15 1.303 2.6 X 101° 
60 —30 0.203 220). xX 10r8 
60 —30 0.208 Del 10s 
90 —17 1.063 1.4 X 101° 
90 —18 0.923 8.0 X 101° 
90 —20 0.755 3.0 * 1019 
90 —38 0.014 nl p< DEY 


A study of Fig. 2 and Table I shows that the number of ice crystal nu- 
clei which form spontaneously and grow as moist air is cooled rapidly by 
adiabatic expansion tend to reach a limiting value. Once this concentration 
is reached, a moisture increase of four orders of magnitude, a doubling of 
the pressure, or a decrease in temperature of more than 30°C. has little effect 
on raising this value. Thus at a pressure of 60 p.s.i., an increase in moisture 
of more than a hundredfold only doubles the number of crystals observed. 
Two runs with the same amount of moisture but with pressures of 15 and 
90 p.s.i. gave values of 4.3 X 10!° and 3.0 X 10! crystals per cubic centi- 
meter respectively. Similarly, an initial temperature of —12°C. and 30 
p.s.i. compared to —38°C. and 90 p.s.i. resulted in only doubling the con- 
centration. 

These effects are probably due to the following factors: 

1. A critical reaction occurs. 

2. The conditions necessary to produce this effect are pressures in excess 
of 10 p.s.i. above atmospheric pressure with the air containing enough mois- 
ture that when cooled below —39°C., supersaturation is sufficient to cause 
the spontaneous formation of submicroscopic water droplets in high con- 
centration. 

3. The number of ice crystals which form is dependent on the particles 
which survive by growing larger than a critical size during the expansion 
eycle (a few milliseconds) and which then enter an environment conducive 
to their continued growth. This latter condition is best achieved by sur- 
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rounding the experimental area with a supercooled cloud having a tempera- 
ture colder than —10°C. 

By several entirely different types of experiments which have been men- 
tioned previously the existence of a critical phenomenon at —39°C. has 
been established. With the continuous cloud chamber it has been shown 
experimentally that not only do all pure water droplets freeze at —39°C. 
but that they may produce additional new crystals when the air is saturated 
with respect to water. 

A simple calculation has been made using the highest value of ice crystal 
concentration observed in the current series of experiments to establish the 
probable size of the crystals which must form by this rapid expansion 
method. The calculation assumes that all of the moisture available is used 
in forming the crystals and that they are the survivors of the reaction which 
occurs at —39°C. 

The experiment used a glass sphere cooled to —38°C. and lined with a 
thin layer of ice. The amount of moisture contained in the sphere was 
equivalent to 1.4 X 10-° g. cm.~*. The sphere was pressurized to 90 p.s.i. 
After the sphere was broken, the crystals passed into an environment con- 
taining a supercooled cloud at —22°C. Following the dilution and growth 
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of the crystals, the number which formed was determined semiquantita- 
tively to be 5 X 10! per cubic centimeter. This number divided into the 
weight of available moisture indicates an amount of water per crystal of 
2.8 X 10-* g. By using Avogadro’s number and the molecular weight of 
water, this value would indicate that the average number of molecules is 
9300 per crystal. Assuming that the surviving particle would initially be 
spherical, this would indicate a diameter of 81 A. 

In some of our earlier studies Langmuir calculated (6) the critical size 
limit of ice crystals which would survive under various physical conditions. 
This relationship is shown in Fig. 3. The nearly perfect agreement of the 
example cited with this curve may be fortuitous, but it indicates that the 
experimental results are of the right order of magnitude. 

Although these experiments do not establish the size of the spontane- 
ously formed primary ice nucleus, they show that the practical limit to the 
number of ice crystals which may be produced by rapid adiabatic expansion 
in a unit volume of moist air is governed by the number of those which grow 
larger than a critical size after the air is cooled below —39°C. This size is a 
function of temperature and moisture and approaches a limiting value of 
50 A. (0.005 ) diameter at —40°C. 

Much work remains to be done in exploring these relationships. For 
example, it was discovered just at the conclusion of the experiments de- 
scribed in this paper that it was possible to produce ice crystals continuously 
by the rapid expansion of moist air from a high-pressure air source. Moist 
air under 90 p.s.i. pressure emerging from an orifice having a hole 100 yp 
in diameter formed a dense fog of ice crystals. These caused an optical effect 
indicating the particles to be less than 0.1 » in diameter. 

By using this continuous flow process for generating ice crystals, it should 
be feasible to study the complete range of ice crystal nucleation due to the 
rapid expansion cooling of moist air. 
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BOOK REVIEW 


The Proteins. Chemistry, Biological Activity and Methods, (in two volumes, 
four parts). Edited by Hans Neurats and KENNETH BaILey. Academic Press, Inc., 
New York 10, N. Y., 1953. Volume 1, part A, viii + 548 pp. Price $12; part B (in- 
cluding index to both parts) 566 pp. Price $13. 

This is, beyond question, the most authoritative, exhaustive, and useful mono- 
graph on the chemistry of the proteins that has ever appeared. It is difficult to be- 
lieve that any of those for whom it is intended (advanced workers in proteins, and 
those with experience in related fields) will fail to acquire and make use of it. So 
thoroughly have most of the contributors done their work that the whole may be 
regarded as a critical and compendious key to a vast and growing literature, with 
few important gaps up to the end of 1951. Since no one individual can have followed 
critically the great volume of experimental observation and theoretical specula- 
tion about proteins that has appeared in recent years, it is safe to say that most 
protein investigators, like the reviewer, will be enlightened and stimulated by a 
careful perusal of these books. 

The two parts under review comprise general treatments of the following sub- 
jects (consideration of specific proteins or classes of proteins is reserved to the two 
parts which are to follow): Part A. Isolation (J. F. Taylor); General Chemistry (P. 
Desnuelle); Amino Acid Composition (G. R. Tristram); Structure and Configura- 
tion of Amino Acids, Peptides, and Proteins (B. W. Low); Optical Properties (P. 
Doty and E. P. Gerduschek); Electrochemical Properties (R. A. Alberty). Part B. 
Size, Shape and Hydration (J. T. Edsall); Protein Interactions (I. M. Klotz); De- 
naturation (F. W. Putnam); Chemical Modification (F. W. Putnam); Relation of 
Chemical Structure to Biological Activity (R. R. Porter). 

The topical organization just summarized serves to indicate the plan and the 
scope of the work. It will be noted that the organization favors experimental and 
theoretical approaches characteristic of recent years. Many particular topics which 
once would have merited chapters to themselves (titration curves, acidic and basic 
properties, for example) are now subheads in one or another of the above chapters. 
The parenthetical examples cited are treated, with only partial duplication, as parts 
of three separate chapters. Occasionally the arrangement is not obvious. Acidic 
and basic dissociations, for example, are most adequately treated in the chapters 
on Size, Shape, and Hydration of the Protein Molecule, and in Protein Interactions. 
The excellence of the index (in the second volume only), however, makes it simple 
and convenient to locate material. 

Considerations of space preclude discussion of each separate contribution. All of 
the chapters achieve a high level of excellence, but this reviewer was especially 
impressed by the chapters on general chemistry (Desnuelle) ; amino acid composition 
(Tristram) ; X-ray evidence in structure (Low) ; size, shape, and hydration (Edsall); 
protein interactions (Klotz); and denaturation (Putnam). 

It is no reflection on the book that the reviewer often felt a desire to engage in 
discussion with particular contributors on particular subjects. Few of the incentives 
to debate arose from a sense of error in fact or interpretation. A few exceptions to 
this statement follow. A very small number of omissions of significant work have 


182 


BOOK REVIEW 183 


been noted; in a few instances reporting work invalidating or making unnecessary 
certain speculations has not precluded a serious discussion of the same speculations 
some pages later; although the book does not lack frequent references to the fact 
that proteins previously judged on the basis of the solubility test to be pure have 
since been fractionated, several contributors tend to regard the solubility test of 
purity (as usually performed and reported) as the final criterion of purity par 
excellence; a number of contributors sometimes fail to distinguish sharply between 
unequivocal experimental fact and speculative inference at several removes from the 
data (the chapter on isolation, in fact, does not always cite explicitly the experi- 
mental evidence for some of the conclusions offered); the otherwise excellent and 
discerning chapter on denaturation is marred by what may be no more than verbal 
confusion between the thermodynamic AH for reversible protein denaturation, and 
the “thermodynamic analogue”’ AH* for the activation step in denaturation kinetics; 
the same chapter includes a table of thermodynamic quantities for the reversible 
denaturation of three proteins, for one of which the results are obtained by combining 
data obtained under irreconcilably different conditions; there is also no explicit 
recognition that calculations of thermodynamic analogues, or energies of activation 
themselves, must take into account that reactions initiated and reversed by changes 
of pH must necessarily be mediated by different activated complexes when proceeding 
in opposite directions. Such recognition would serve to invalidate some of the results 
cited. 

All these points are individual and constitute statistically insignificant exceptions 
to the general level of critical discernment. Such exceptions are presented against 
such a generally scholarly background of discussion that they are very unlikely to 
mislead or to be perpetuated in the literature. 

The editors and publishers are to be thanked for providing so excellent a tool for 
the research worker in the field of proteins and to be congratulated on their unique 
success in so difficult an undertaking. 

JACINTO STEINHARDT, 
Cambridge, Massachusetts 
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ELECTRON MICROSCOPIC STUDY OF THE LOCUS OF A 
LATEX REACTION 


Edward Crampsey, Manfred Gordon, and John W. Sharpe 


The Royal Technical College, Glasgow C. 1, Scotland 
Received August 20, 1953; revised January 29, 1954 


The outstanding example of the study of reaction loci in an emulsion 
system was Harkins’s work (1) in the field of emulsion polymerization. A 
simpler case presents itself for study when chemical reactions are carried - 
out with preformed polymer emulsions (latices), as in the hydrochlorina- 
tion of polyisoprene latex (2, 3). Here the reaction consists in the pro- 
gressive conversion of the individual unsaturated isoprene units to their 
hydrochlorinated form: 


HCl 
| 


Cl 


the polymer particles preserving their identity throughout the reaction. 
The hydrochloric acid arrives at the site of reaction by a series of diffusion 
processes from the vapor phase and through the continuous aqueous phase. 
In principle there are still two loci at which the isoprene units may react 
with this reagent: in the bulk of the particle and at (or near) the inter- 
phase between the aqueous acid and the polymer particle. We were led by 
kinetic experiments (3) to conclude that the two loci do react at different 
rates and by different mechanisms, and it is the purpose of this report to 
provide quantitative evidence for this conclusion. At the same time we 
wish to put on record some observations connected with the electron 
microscopic technique used in the investigation. 

The situation in the latex hydrochlorination reaction bears some 
resemblance to that in Smith’s work (4) on emulsion polymerization 
“seeded” with preformed polymer particles. This proved that the poly- 
merization took place in the preformed particles, after the relevant reagent 
(viz. the monomer) had arrived there by diffusion. However, no distinction 
has arisen in emulsion polymerization between the bulk locus and the 
surface locus of a particle of polymer. The technological importance of 
this new distinction in rubber chemistry is stressed below. 

Our kinetic observations (3) suggested that a fast conversion of isoprene 
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Fic. 1. Rate curves for the hydrochlorination of polyisoprene latices at 300° abs. 
and 2 atm. of HCl. 


units near the polymer particle surface is responsible for observed ab- 
normalities near the beginning of the rate curves. This is quantitatively 
confirmed by correlating the extent of the initial “jump” in the rate 
curves, measured by the intercepts P (Fig. 1), with measurements of the 
specific surface of the particles by means of electron micrographs (Figs. 
2-4). Details of the preparation of the latices and of the kinetics and 
mechanism of the hydrochlorination in the bulx of the polymer particles, 
whose rate is measured by the slope of the straight lines in Fig. 1, have 
been published (3). The lines refer to natural (Hevea) latex and two 
synthetic polyisoprene latices. Two further synthetic latices are reported 
on in Table I, and the total range of average particle diameters studied is 
seen to be tenfold. The correct method of averaging n particles of diameters 
D; so as to obtain a measure of the specific surface of a given latex, and 
thus of its total locus for the surface reaction, is to calculate the surface 
average diameter D defined thus: 


7D” Qu rD;) ia; 


te 1 
D = [(D D)/ay. $ 


I 


TABLE I 
Surface Hydrochlorination Reaction (300° abs., 2 atm. of HCl) 
D (unshadowed), D’ (shadowed), 
A. A, 


P% cub ee (sles ING Latex 

2.0 (4500) — 15 — Natural 

6.25 1175 1400 To 14.7 Synthetic I 
15 670 — 15 _ Synthetic IIL 
20 467 700 17 24.9 Synthetic II 


21 460 -- VE 4 — Synthetic V 
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The thickness r+ of the outer shell of a sphere of diameter D, which 
comprises P % of the sphere by volume, may then be computed thus: 


rt = DQ — 0.2155(100 = P)*)/2. [2] 


The values of 7 found for the one natural and four synthetic latices in 
Table I show very satisfactory constancy at 15 + 2.5 A. This confirms 
the kinetic inference that units privileged for fast reaction, react in the 
vicinity of the particle surface, 7.e., the interphase with the aqueous 
phase. The result can be expressed by saying that the extent of the fast 
initial hydrochlorination reaction is governed merely by the percentage P 


Fic. 2. Natural rubber hydrochloride Fig. 3. Synthetic polyisoprene hydro- 
latex chloride latex I. 


Fia. 4. Synthetic polyisoprene hydro- Fig. 5. Synthetic polyisoprene latex I. 
{chloride latex II. 


] my tt 5 
All samples shadow-cast at approximate angle cot? 2.5 
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of the polymer units which lies within r = 15 A. of the particle surfaces. 
This shows indirectly that the subsequent main reaction, corresponding 
to the linear rate plots (Fig. 1), occurs at the other possible reaction 
locus, namely, inside the bulk of the polymer particle. The kinetic evidence 
shows that the rate of the surface reaction, which is here too fast to be 
measured, must fall off rapidly with the progress of the surface reaction, 
and once the first four layers have reacted, the surface rate becomes 
negligible. This may be expressed by saying that the surface reaction has a 
very high reaction order. With natural rubber the thickness r increases 
with temperature at constant HCl pressure. This, and other reasons, 
suggest that the falling off of the surface reaction is governed by a diffusion 
rate. If so, the rate of the surface reaction should be sensitive to prior 
crosslinking of the rubber. This has been investigated in vulcanization 
studies to be reported to the Third Rubber Technology Conference 
(London, 1954). 

All latex samples (saturated with HCl in the case of hydrochlorinated 
samples) were prepared for examination in the electron microscope by 
diluting with distilled water and then placing a single drop of the dis- 
persion on the standard collodion-covered specimen grids used in electron 
microscopy. The specimen was then allowed to dry in a desiccator. In 
some cases the samples were shadow-cast with gold/palladium alloy in 
order to enhance contrast. 

Owing to their narrow size ranges, the synthetic latices (Figs. 3, 4) 
allowed sufficiently accurate values of the diameter D to be obtained by 
averaging a few particles chosen at random on the electron micrographs. 
In natural latex the particles are far from uniform in size (Fig. 2), but two 
different samples were found by van den Tempel (5) to agree closely in 
distribution curve and D, so that his value of D = 4500 A. was accepted.’ 
All our micrographs were taken at a magnification of 8000. Table I lists 
separately the surface average particle diameters D measured on non- 
shadow-cast specimens and those, denoted by D’, measured on shadowed 
specimens of synthetic latices I and II. The maximum width of the shadow 
was taken as D’, and this can be measured with somewhat higher precision 
than D, becausé of the higher definition of micrographs of shadowed 
specimens. The value of D’ is seen to be larger than D by about 230 A. 
in both cases. The effect of shadow-casting in increasing the apparent 
particle size has been repeatedly noted by other workers, but its explana- 
tion is not quite certain. Kern and Kern (7), and Cosslett (8) independently 


1 Rough estimates from our own micrographs led to somewhat lower values (2500- 
3000 A), while preliminary measurements by Cosslett quoted by Cockbain (6) are 
slightly in excess of van den Tempel’s figure. In view of the limited relative ac- 


curacy of the small intercept P for natural latex (2 + 0.5%), a full size analysis of 
our natural latex did not seem warranted. 
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explain the effect in terms of the surface charge of the particle producing 
the action of an electrostatic lens. The former authors imagine the lens to 
act on the electron beam in the microscope. A spuriously enlarged picture 
of the unshadowed particle is thus produced, while the shadowed particle, 
which allows its surface charge to leak away, gives a correct measure. 
Cosslett, however, considers the lens to affect the metal atoms in the 
shadowing process, in which case we must assume that the unshadowed 
particle gives the correct measure of the diameter. The chemical evidence 
based on our measurements of the intercepts P (Fig. 1) appears to support 
Cosslett’s explanation, inasmuch as the “unshadowed” diameters D lead 
via Eq. [2] to noticeably more constant values of 7, when compared to the 
values 7’ obtained via the same equation from the “shadowed” diameters 
D’ (as shown in Table I). 

Whatever the explanation of the effect, it is apparent from micrographs 
shown in Kern and Kern’s paper that the effect is relatively more marked 
with smaller particles (such as bacteriophages). Our measurements confirm 
this and suggest in fact that 


D' — D = 230A. [3] 


The almost identical difference of 250 A. between shadowed and un- 
shadowed particles was also observed by Kern and Kern on much larger 
(polystyrene) latex particles. The suggestion of the simple law of Eq. [3] 
may assist in the final theoretical explanation of the phenomenon. 
Comparison of electron micrographs before and after hydrochlorination 
of our latices reveals several interesting features (cf. Figs. 3 and 5). The 
change from the rubbery amorphous to the glassy state (with or without 
embedded crystalline regions’) during hydrochlorination is reflected in a 
change of appearance of shadow-cast samples. Rubbery particles are 
flattened (Fig. 5) and appear disclike rather than spherical, owing to 
wetting of the collodion support by the deformable particle. The glassy 
particles are so stiff as not to be visibly flattened, and are thus much more 
useful for measuring the particle diameters. Although much irreversible 
aggregation occurs in drying out the rubbery samples, the ultimate particle 
size before the hydrochlorination reaction is seen to be essentially the same 
as after the reaction. This confirms that the particles preserve their identity 
during the reaction without dissolution or coagulation. (The volume 
change due to the actual reaction can, of course, be accurately computed 
from density data, but changes the diameter by only a few per cent.) The 
contrast in the micrographs, particularly in the case of unshadowed 
particles, increases considerably in the course of the reaction owing to the 


2 Electron diffraction experiments by the authors confirm that natural latex 
hydrochloride shows crystallinity (cf. van Veersen (9)), whereas synthetic poly- 
isoprene hydrochloride is amorphous (cf. D’Ianni et al. (10)). 
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relatively high scattering power of the chlorine atoms introduced thereby. 
This suggests the usefulness of reactions like hydrohalogenation or 
halogenation of latices, after suitable stabilization against coagulation, 
when it is desired to study size distributions by electron microscopy. 

The demonstration here given of the occurrence of a polymer particle 
surface reaction locus, controllable by such variables as particle size and 
temperature, has colloid-chemical and technical importance. That the 
hydrochlorination reaction is not merely an isolated instance of this effect 
is suggested by similar rate curve “jumps” in the cyclization of Hevea 
latex (cf. ref. 3). Preliminary work suggests that in vulcanization of latex 
a surface locus can also be observed. In this reaction the technical effect 
would be expected to be particularly marked. For example, a lightly and 
uniformly cross-linked particle would give a useful prevulcanized latex. 
If, however, the reaction (interrupted after 1 per cent or so of conversion 
in practice) were found to be largely concentrated in the surface layer, as 
the present work shows the hydrochlorination reaction to be at such low 
_ conversions, one would obtain what might be described as an unvulcanized 
particle surrounded by a shell of ebonite, which would be technically 
useless. Differences in film strength of prevulcanized latices at constant 
combined sulfur are thought to be connected with the variability of the 
contribution of the surface locus from one vulcanization recipe to another. 


The authors are indebted to Professor P. D. Ritchie for his kind interest in this 
work. 
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ABSTRACT 


It is pointed out that all published results to date for light-scattering experiments 
on detergent solutions have been interpreted by a method which implicitly treats 
these solutions as being nonelectrolytes. Reasons are presented for believing that the 
molecular weight or degree of association is best determined by experiments in which 
a large excess of neutral salt is added to the detergent solution. 


Debye has applied his treatment of light scattering to solutions of col- 
loidal electrolytes (1), and similar applications have been made by Anacker 
(2) and Hutchinson (8). Hermans (4), Doscher and Mysels (5), and Hutch- 
inson (6) have extended this treatment to take account of the fact that 
colloidal electrolytes are, in fact, electrolytes and that due attention must 
be paid to the question of gegenions and added salts in evaluating the so- 
called molecular weight of micelles from light-scattering data. 

In particular Doscher and Mysels have deduced that 


Ih C2 il 
aapeienery (| 1 
i (1 + p) [1] 
where H = the conventional scattering constant; 
c,* = the concentration of solute in grams per milliliter; 


M,* = the micelle molecular weight; 
7 = the absolute turbidity of the solution; and 
p = the net charge on the micelle when the gegenions are uni- 
valent. 
In the presence of excess electrolyte, p tends to zero, and Doscher and 
Mysels have concluded that, at the CMC of the colloidal electrolyte, the 
latter provides sufficient of its own simple ions for the condition p — 0 
to be satisfied and that, consequently, extrapolation of the Hc,*/7 curve to 
the CMC yields a close approximation to the true value of M,*. I propose 
to show that this is not so. 
Debye’s treatment (1) leads to the result 
H Co* ch 1 Or [2] 
T R T OC2* 
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in which x is the osmotic pressure of the solution. In applying this to solu- 
tions of alkylammonium halides Debye has treated these as if the solute 
were a nonelectrolyte, writing, 


r= Rr( 2,4 at +--). [3] 


I have recently shown (6) that for a solution of a pure colloidal electrolyte 
in the absence of salt, 
He. M, . Ogi [ 4] 


OTE 8 log ce: 


where cp = the concentration of solute in gram formula weights per 
milliliter; 
* 2» = the gram formula weight of the solute; 
= the osmotic coefficient of the solvent. 
The Sek for this derivation is that of a uni-univalent electrolyte in ex- 
tremely dilute solution. 
Dr. Marjorie Vold (7) has developed a treatment of micelle behavior on 
the basis of a model which essentially treates a micelle A,G, as a weak 
electrolyte, 


AG; =A,Ga)” + GS "CAG 2G ee 


This treatment embraces considerable generality as to the possible varia- 
tions of the association factor r, and leads to the same model as the author’s 
in dilute solution. 

Dr. Vold has shown that all available osmotic data are consistent with 
the hypothesis that the micelles carry a fixed ratio of gegenions to colloidal 
electrolyte ions, and deduces that 
eee eee rn De 5] 


6 log 0C2 


gi. + 


where r the ratio of gegenions per single colloidal electrolyte ion; 
c; = the concentration in moles per liter of the species (A,G@n_;)7 
c, = the concentration in moles per liter of the species AG. 
The summation in Eq. [5] is to be carried out over all permissible values 
of r and 2. 
Assuming for simplicity that in a given solution n has only a single 
value (as seems justified by the apparent monodispersity of colloidal 
micelles (8)), we have, from Eqs. [4] and [5], 


Ho M, 
T 


? 


Ste +s, 


where c, is the concentration of the unique colloidal ion now presumed to 
be formed in solution. 
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But dc,/dc, = 1/n where n is the association factor; 


HeaM 
UE ea eats eg [6] 
ait n 


This equation is almost identical with Eq. [1]. 

Dr. Vold’s treatment implies that r remains constant under given condi- 
tions, and hence Hc.M2/7 should be constant. This is not observed to be 
the case, but, in view of the fact that the concentrations of the various 
species have been equated to their activities, this is not surprising. 

Although the theory leading to Eq. [3] cannot be extended to cover cases 
in which added salt is present, except by making simplifying assumptions 
about the supposed ideality of the added salt in the absence of colloidal 
electrolyte, yet with reasonable accuracy Eq. [6] may still be applied. It 
may be anticipated that the effect of added salt is to cause r — 1, 7.€., to 
make the micelle virtually uncharged. Then, and only then, does the 
Debye result give the correct value for n. It is noteworthy that in all cases 
reported the addition of salts brings the plot down to much more constant 
values. 

From the results of conductance studies on pure colloidal electrolyte 
solutions (9) it may be deduced with certainty that, in the absence of added 
salts, 7 is appreciably less than unity, and that, in consequence, we have to 
deal with charged micelles. Consideration of osmotic coefficients and elec- 
trical conductance data suggests that with solutions for which n ~ 100 
the value of r may lie between 90/100 and 99/100. It follows from this 
that at a concentration some ten times greater than the CMC the total 
ionic population is only very slightly greater than that at the CMC. If the 
nonconstancy of Eq. [6] for solutions containing no added salt is due to the 
dependence of the activities of the various species on ionic population, e.g., 


He. M2 
Ui 


= {14 (1 = 1)} 1 + ae + beet ++), 


it follows that the correct value of the quantity in the first brackets is ob- 
tained by extrapolation of Hc:;M>2/r to zero concentration, and not to the 
CMC as suggested by Debye (1) and by Doscher and Mysels (5). 

In the presence of added salts r — 1, and thus the effect of ionic popula- 
tion on the activity of the micelle may be expected to be negligible, as ap- 
pears to be the case. Alternatively, even if the micelle still bears a charge 
in the presence of added salt the ionic population is so little affected by the 
contribution due to the colloidal electrolyte that, over the range studied, 
no dependence of activity on the concentration of colloidal electrolyte will 
be perceptible. 

It becomes obvious that the interpretation of these light-scattering data 
is far from simple. In Fig. 1 I have replotted Debye’s data for dodecyl- 
amine hydrochloride (1). If we assume that r = 1 in 0.0457 M NaCl solu- 
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CONCENTRATION IN GRAMS/ML 


Fria. 1. Plot of He,M2/r against concentration for dodecylamine hydrochloride, 
taken from the results of Debye (1). 


tion, the value of n obtained is approximately 133. The extrapolated curve 
for pure dodecylamine hydrochloride gives a value of about 0.016 for the 
quantity 1/n + (1 — r). To interpret this one need not assume that n has 
changed. If m remains 133, a value of r = 132/133 corresponding to a 
micelle bearing a single charge would satisfy the result. It is therefore im- 
proper to assume that addition of salt necessarily changes the size of the 
micelle (1). 

Clearly, since Eq. [6] contains two unknowns, we cannot obtain the size 
of a micelle from light-scattering data, any more than we can derive the 
size from freezing-point depression, except for uncharged micelles. All that 
we can do is to obtain a minimum value for n—a value which may be very 
much smaller than the true value. 

Contrary to the idea that the addition of salt causes a change in the size 
of the micelle, it appears more reasonable, until further information be- 
comes available, to assume that the effect of added salt is solely on the 
value of r. Some justification for this procedure may be adduced from ex- 
periments on solubilization. The solubilizing power of a micelle toward a 
nonpolar material may be expected to be more or less independent of the 
charge of the micelle. Harkins (10), has shown that in solutions of concen- 
trations not more than about five times that of the CMC, the increased 
solubilizing power of potassium laurate due to added salt may be ascribed 
to the depression of the CMC and the consequent formation of more of the 
same micelles as were present before the salt was added. More convincing, 
however, is the evidence that experiments on the effects of added salts on 
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the conductance of dodecylamine hydrochloride (9) show no signs of a 
change in the size of the micelle. The association factor of approximately 
133 is in good accord with values obtained by diffusion and X-ray dif- 
fraction (8). 

Similarly, unpublished data of the author for the effect of added salts on 
light scattering by sodium dodecyl sulfate solutions lead to an association 
factor of about 80, in good accord with diffusion and X-ray data (8). 

It thus seems best to use light-scattering measurements to determine 
the size of micelles in fairly concentrated salt solutions, where the micelles 
are nearly uncharged, and to interpret the apparently smaller association 
in the absence of added salt in terms of the ionization of the micelle. 

Some correlation of the light-scattering data with the results of conduc- 
tance experiments may be made as follows. Above the CMC the solution 
may be considered to contain simple ions and charged micelles, and the 
specific conductance may be evaluated by the method suggested by van 
Rysselberghe (11). If we assume for simplicity that there is only one kind 
of micelle containing n units and possessing a charge m, and assume further 
that the concentration of solute in the aggregated form is (cz — c»°), where 
c2° is the CMC value, the specific conductance K of the solution is given by 


0 0 0 
are (co — C2) (Sats ae — 
RIOD) fh ela CO 00 
where J, = the equivalent conductance of the micelle-forming ion, and 
l, = the equivalent conductance of the gegenion. 


writing K° = (¢,°/1000) (/m + 1,), where K° is the specific conductance at 
the CMC, 


0 
K-K = rere) Gino CREE [3] 


Hence, 

Keak it 

¢: — c 1000 

From the work of Ralston and Eggenberger (9) and Lottermoser and 

Puschel (12) the slopes of K — K°/c. — c° may be obtained for dodecy]l- 
amine hydrochloride and sodium dodecyl! sulfate. Using the values of n 
obtained from light scattering in the presence of salt, viz., about 133 and 
80, respectively, one may calculate that the charge m is about +15 for 
dodecylamine hydrochloride micelles and about —14 for sodium dodecyl 
sulfate micelles. Putting the appropriate values of (1 — 1), calculated from 
these values, into Eq. [6], we have 


HeM2_ 1 , 15 
mF 193. 13 


(ml, + m?n Im}. [9] 


= 0.11 


196 ERIC HUTCHINSON 


for dodecylamine hydrochloride, and 


H. C2 M rye se ] 

7 = 80 

for sodium dodecyl sulfate. It is noteworthy that although the He.M2/r 

plots for these compounds do not yield constant values, particularly in the 

neighborhood of the CMC, as they should according to Eq. [6], yet the 

curve for sodium dodecyl sulfate (6) tends to a value of 0.2 in more con- 

centrated solutions (concentrations some fifty times the CMC), and there 

is some indication that in the case of dodecylamine hydrochloride, where 

the results extend only to some fifteen times the CMC, a limiting value of 
Hc.M,/r is reached, somewhere between 0.05 and 0.1. 

The surprisingly good agreement which thus obtains between the light- 
scattering data and X-ray and diffusion data on the one hand, and between 
the light-scattering data and the conductance data on the other, supports 
the hypothesis that the size of the micelle is, in fact, unchanged by the 
addition of salt, and that the light-scattering data obtained in salt-free 
solutions give information on the charge rather than the size of the micelle. 


14 
eS OS 
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INTRODUCTION 


The large electrostatic forces between polyelectrolytes and their counter- 
ions give rise to a variety of effects which have been the subject of experi- 
mental and theoretical studies in recent years. As one would expect, the 
ionic activity coefficients are unusually small in dilute polyelectrolyte 
solutions, unless the counter-ions are shielded from the field of the poly- 
ion by addition of simple electrolyte. Kern (1) and Kagawa and Katsuura 
(2) calculated activity coefficients from potentiometric measurements, 
while Katchalsky and Lifson reported values obtained from dialysis 
equilibrium and proposed a theory to account for the observed effects (3). 

Since the catalytic effect of hydrogen ion, hydroxyl ion, and other ions 
has been shown to depend on their concentration rather than activity (4), 
a measurement of the rate of a reaction catalyzed by a given ion in con- 
junction with a potentiometric activity measurement provides in principle 
a way of estimating the activity coefficient. The hydrolysis of ethyl diazo- 
acetate was chosen for this study, since the reaction has been shown to be 
catalyzed by hydrogen ion and no other species (5, 6). 


EXPERIMENTAL METHODS 
A. Materials 


Ethyl diazoacetate was prepared from glycine ethyl ester hydrochloride 
(Eastman) according to directions given in Organic Syntheses (7). It was 
purified by steam distillation under reduced pressure, extracted with 
ether, dried and distilled according to Fraenkel (5). The last traces of 
water had to be removed carefully, since otherwise a sealed capsule of 
the reagent tended to explode at the reaction temperature. The purity of 
the ethyl diazoacetate was determined by measuring the nitrogen evolved 
after complete decomposition in acetic acid solution. The values obtained 


1 Taken from the thesis of M. Joseph, submitted in partial fulfillment of the re- 
quirements for the M.S. degree at the Polytechnic Institute of Brooklyn, June 1953. 
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were 99.8%, 99.6%, and 99.8% of theoretical, and subsequent checks 
showed that the reagent was stable on storage. 

Polymethacrylic acid was prepared from glacial methacrylic acid 
(Rohm and Haas) distilled under reduced pressure to remove inhibitor. 
The polymerization was effected by heating 10 ml. of methacrylic acid in 
40 ml. butanone with 29 mg. azo-bis-isobutyronitrile for 24 hours at 
60°C. The polymeric acid was purified by dialysis and lyophilized. 

Buffer solutions were prepared from analytical grade sodium acetate, 
sodium dihydrogen phosphate, and disodium hydrogen phosphats 


B. Determination of Reaction Rate 


A sealed glass capsule containing a weighed amount of ethyl diazoacetate 
was introduced into the polymer or buffer solution thermostated at 65.5°C. 
The solution was saturated with nitrogen and connected to a water- 
jacketed gas buret consisting of ten calibrated glass bulbs and a 5-ml. 
tube graduated to 0.01 ml. When thermal equilibrium had been established, 
the capsule containing the reagent was broken by means of a glass lever, 
which could be manipulated without opening the system to the atmos- 
phere. The solution was stirred rapidly by a magnetic stirrer, and the 
reaction was followed by measuring the nitrogen evolved at constant 
pressure. All runs conformed to a first-order decomposition of ethyl 
diazoacetate. The rate constant was calculated from k = 2.303/(te — t,) log 
(V. — Vi)/(V. — V2), where Vi and V2 are nitrogen volumes at times 
t, and t¢2 and V,, was calculated from the weight of the ethyl diazoacetate 
used. 


C. Determination of pH 


All pH and e.m.f. measurements were made on a Beckman Type G 
pH meter. Specially shielded glass and calomel electrodes for use outside 
of the pH meter were employed. The pH of polymethacrylic acid and 
buffer solutions at 65.5°C. was obtained from the relation « — e, = 
0.0674 (pH, — pH), where the subscript A refers to the e.m.f. and pH 
of 0.1 N half-neutralized acetic acid. The pH of the acetate buffer at 65.5°C. 
was taken as 0.06 unit higher than the value found at 25°C. (8). 


RESULTS 


Since it was the purpose of this investigation to derive activity coef- 
ficients in solutions containing highly charged polyions, the pH range had 
to be chosen so as to correspond to a substantial degree of ionization of 
the polymeric acid. At the reaction temperature of 65. 5°C., rates of de- 
composition of ethyl diazoacetate were conveniently AeA TAENG up to 


50% neutralization of 0.1 N polymethacrylic acid, corresponding to a pH 
of 6.81. 
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TABLE I 

Decomposition of Ethyl Diazoacetate in Buffer Solutions at 65.6°C. 
pH Tonic strength 103k, min.-} ee ete 
4.63 0.1 74 3.2 
5.03 0.1 32 3.4 
5.53 0.1 9.8 3.3 
5.94 0.1 4.6 4.0 
6.85 0.1 2.23 15.8 
7.68 0.1 1.97 93 
4.65 0.2 85 3.8 
5.06 0.2 32 3.7 
5.62 0:2 10.6 4.4 
6.89 0.2- 2.0 15.5 
6.99 0.2 21 20.4 


The results obtained in buffer solutions at ionic strengths of 0.1 and 0.2 
are listed in Table I. The similarity of data obtained with the two buffer 
concentrations indicates a much smaller salt effect than that reported for 
ethyl diazoacetate decomposition in perchloric acid solution at 15°C. (9). 

The ratio of the first-order rate constant and the hydrogen ion activity 
is constant up to about pH 5.5, but rises sharply at higher pH. (See Fig. 
1.) This observation could be interpreted either as being due to water 
catalysis of the reaction or as a result of the hydrolysis of the ester group, 
followed by rapid decomposition of the unstable diazoacetate ion (10). 
The latter alternative is favored by the observation of slight pH drops 


pH 


Fic. 1. Ratio of the rate constant and hydrogen ion activity in the decomposition 
of ethyl diazoacetate in buffer solutions at 65.5°C. —O- ionic strength 0.1; —-@- ionic 
strength 0.2. 
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TABLE II 
Decomposition of Ethyl Diazoacetate in Polymethacrylic Acid Solution at 65.8° C. 
i 10-%k/ant, 
ieee ie ae % pH 108k, min. liters eee ee 
0.1 0 4,26 115 Ay 
0.1 2 4,42 60 1.6 
0.1 6.7 5.21 16.0 2.6 
0.1 20 5.81 5.8 3.7 
0.1 33.3 6.23 3.0 5.1 
0.1 50 6.81 0.96 6.1 
0.033 0 4.31 62 0.79 
0.033 5 deol 11.3 2.3 
0.033 10 5.69 6.2 3.0 
0.033 50 6.80 1.21 7.6 


during the reaction. This drop averaged 0.02 pH units for runs below pH 
6.0 but rose to 0.06 pH units in runs at higher pH. 

Reaction rates observed in polymethacrylic acid solutions of two 
concentrations and at various degrees of neutralization are summarized in 
Table II. The following points may be noted: 

1. The ratio of rate constant to hydrogen ion activity rises uniformly 
with pH from 0 to 50% neutralization. (See Fig. 2.) 

2. Ethyl diazoacetate is significantly more stable in unneutralized and 
50% neutralized polymethacrylic acid than in buffers of equal pH. 

3. For intermediate degrees of neutralization the reaction rates in 
0.1 N polymethacrylic acid and buffers of the same pH are comparable, 
but those in 0.033 N polymethacrylic acid are slower. 

A more detailed comparison of the reaction rates in unneutralized 


pH 


Fia. 2. Ratio of the rate constant and hydrogen ion activity in the decomposition 
of ethyl diazoacetate in polymethacrylic acid solutions at various degrees of neutrali- 


zation. Temperature 65.5°C. -@- 0.1 N polymethacrylic acid. —O— 0.033 N poly- 
methacrylic acid. 
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Fig. 3. Decomposition of ethyl diazoacetate in unneutralized polymethacrylic 
acid and in acetate buffer. Temperature 38.2°C. -O- acetate buffer, ionic strength 
0.1; -O- polymethacrylic acid, 0.1 N, 0.033 N, 0.01 N, and 0.0033 N. 


polymethacrylic acid solutions and buffers in the same pH range was 
carried out at 38.2°C. The results are plotted in Fig. 3, and it is seen 
that the rates are uniformly lower in the polymeric acid solutions. 


DISCUSSION 


A large body of experimental evidence indicates that the rate of acid- 
catalyzed reactions depends on the concentration, rather than on the 
activity, of hydrogen ions. Thus Dawson and Lowson (11) found the rate 
of ethyl acetate hydrolysis exactly proportional to the concentration of 
HCl between 0.002 and 0.2 molar, although the mean ionic activity 
coefficient falls in this range from 0.993 to 0.783. (Similar observations 
were made by LaMer and Miller (12) with respect to the decomposition 
of diacetone alcohol in presence of 0.02 N to 0.1 N hydroxide.) It follows 
that for a reaction catalyzed exclusively by hydrogen ion the reaction rate 
is given by 


Rate = katCat = kytant/f, 


where ky* is the catalytic coefficient of hydrogen ions, C'y* is their concen- 
tration, and f, the mean activity coefficients of the ions in solution. 

The conclusion of Kern (1) and Katchalsky and Lifson (3) that activity 
coefficients in solutions of, partially neutralized polyacrylic acid have 
unusually low values can hardly be questioned. Thus, Kern found an 
activity coefficient of 0.292 in half-neutralized 0.0625 N polyacrylic acid. 
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It was therefore expected that ethyl diazoacetate hydrolysis would be 
more rapid in the polyelectrolyte solution than in buffer of corresponding 
pH. The reverse was found in the present study, particularly with un- 
neutralized polymeric acid and at a relatively high degree of neutralization. 

The low rates in unneutralized polymethacrylic acid solution are 
probably due to the relative exclusion of the diazoacetic ester from the 
space occupied by the polymer molecules. This is not unexpected, since 
water is a solvent but the ester a precipitant for the polymeric acid. With 
the hydrogen ions concentrated in the neighborhood of the polyanion, the 
diazoacetic ester would be left in a region of relatively low acidity. 

In buffer solution the rate of nitrogen evolution was found to be almost 
the same at pH 6.85 and 7.68. This is interpreted as due to two reactions 


Ht 
N,.CH—COOC.2H; + H.O —— HOCH2:COOC2H; + Ne {1] 
and 
N.CH—COOC.H; + OH — N.CH—COO + C.H;OH [2a] 
N.CHCOO + HO — HOCH,COO + N; [2b] 


where [2a] is the rate-determining step in the second mechanism (10). 
The relatively slow reaction velocity in half-neutralized polymethacrylic 
acid may be due to a difference in the relative catalysis of the two reactions 
by simple electrolyte and the polyelectrolyte. This is quite analogous to 
the specificity observed in the catalytic behavior of ion exchangers (13, 
14). 

Finally, it should be pointed out that the interpretation of pH measure- 
ments on polyelectrolyte solutions involves a considerable uncertainty of 
the liquid junction potential, which may differ considerably from that of 
the reference buffer solution. Theory and experimental data are at present 
inadequate to estimate the magnitude of this error. 
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ABSTRACT 


Evidence has been adduced showing that the action of ultraviolet radia- 
tion (largely 254 my) on 0.01% solutions of crystalline ovalbumin consists of two 
separable and fundamentally distinct processes: (1) a modification of the structure 
of the intact molecule involving neither the rupture of peptide linkages nor diminu- 
tion of ability to form monomolecular films if spread from nonisoelectric solvent. 
This process is the ‘‘denaturation”’ of other authors; reasons for the avoidance of 
this term in the present paper have been presented. (2) An extensive fragmentation 
of the molecule leading to disappearance of ability to form films, and the appearance 
of base-binding groups as determined by formol titrations. Evidence has been pre- 
sented for considering this fragmentation to be the result of rupture of peptide link- 
ages (proteolysis). Associated with process (1) is a decrease in the ability of the films 
to form fibers upon complete collapse as well as an increase in the specific area of the 
films formed from the UV-modified protein. The action of ozone has been to cause 
structural modification but not proteolysis. The general sequence of events hypothe- 
sized in our previous studies of the effect of UV on albumin monolayers, similar to 
the hypothesis of Bernhart, has been confirmed. 


INTRODUCTION 


In our recent study of the effect of ultraviolet (UV) irradiation on 
monomolecular films of ovalbumin (1, hereafter referred to as I), the data 
suggested the existence of two distinct (and possibly consecutive) photo- 
chemical processes: (1) a nonproteolytic alteration (unfolding) of the 
structure of the already extended film molecules, resulting in increase in 
area of the film; (2) a proteolysis (yielding either small fragments possessing 
no surface activity, or larger fragments of altered physicochemical 


1 This research was supported by grants from the National Research Council 
(Ottawa) and the Defence Research Board. The senior author wishes to acknowledge 
his indebtedness to Professors F. R. Hayes, C. C. Coffin, W. Chute, and C. B. Weld 
for the loan of various items of equipment, and to Dr. A. D. McLaren for valuable 
criticism. He must make special mention of the almost excessive generosity of his 
colleagues Professors J. A. McCarter and J. G. Aldous, almost all of whose portable 
equipment was to be found at one time or another in the author’s laboratory. 

2 Summer fellow, National Research Council (Ottawa). 
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properties) inferred from the subsequent progressive decrease in film 
area and from the changed character of the force-area curves obtained 
upon compression of the residual films (2). The present experiments have 
been undertaken to test the validity of this hypothesis by irradiating very 
dilute solutions of the soluble protein and studying the changes in molecular 
structure by surface-chemical and other standard procedures. 

The present status of the question of the effect of UV on protein might 
fairly be characterized as confused, largely, as will be made clear below, 
because of the semantic cloud surrounding the indefinable, but frequently 
used term ‘“denaturation.’’® The most commonly accepted definition, that 
of Neurath, Greenstein ef al. (3), states: “denaturation is any non- 
proteolytic modification of the unique structure of a native protein, 
giving rise to definite changes in chemical, physical or biological 
properties.’’* Many workers have reported that UV causes “denaturation” 
in this sense (6, 7, see review by Arnow (8)). 

On the other hand, other workers have shown that UV causes splitting 
of proteins into fragments of low molecular weight (9, 10, 11, 12). It also 
has been shown (13) that the action of UV is to cause both “denaturation” 
and molecular splitting. Work on model systems (see reviews by Giese 
(14) and McLaren (15)) and on protein films (16) has suggested the 
possibility that this “molecular splitting’ might be a proteolysis, that is, 
a rupture of peptide bonds. However, a direct attempt to demonstrate 
UV-induced proteolysis (17) yielded negative results. Finally, to add 
further to the confusion, reviewers (18, 14, 15) have included proteolysis 
as part of the radiation-induced “denaturation,” thus robbing this term 
of any meaning given it by the above definition. 

We shall say that the protein has undergone a nonproteolytic structural 
modification when it is neither soluble nor capable of forming large, com- 
pressible monomolecular films at its isoelectric pH, in the absence either 
of direct evidence for the rupture of peptide linkages or for decrease in 
surface-activity at a pH removed from the isoelectric point (see 19); 
this italicized term and other suitable operational euphemisms (e.g., 


* Indefinable, in that even the most general definition (see above) describes ‘‘de- 
naturation”’ in terms of the so-called ‘‘native’’ state; since the term “‘native” is in- 
capable of independent definition (indeed, it is even more misleading than its op- 
posite (4)), the term ‘denatured’ can have no precise meaning—a conclusion to 
which many authors have been led (4, 5). 

‘ Another serious objection to this definition is that it embraces structural changes 
in protein which are not considered to be “‘denaturative.’”’ For example, addition of 
oxygen to reduced hemoglobin certainly modifies the structure and properties of this 
conjugated protein; the change in pK value suggests that even the structure of the 
protein moiety has been altered. Further, addition of small amounts of acid or base 
to a protein solution ought zpso facto to constitute “‘denaturation,’’ since change in 


its net charge reflects modification of its structure and leads to alteration of its 
properties. 
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“heat-treated’’) are intended as the equivalent of the “denaturation”’ of 
other authors. We shall say that the protein has undergone proteolysis 
when it can be demonstrated that an extensive molecular fragmentation 
has occurred accompanied by evidence for the release of one of the com- 
ponent groups of the peptide linkage (carboxyl groups.) 

The purpose of this paper is to show that both nonproteolytic structural 
modification and proteolysis are involved in the action of UV on soluble 
ovalbumin, and thus provide a possible unification for the contradictory 
reports at present in the literature. 


EXPERIMENTAL 
1. Materials and Apparatus 


The recrystallized ovalbumin used in I was made up as a 0.01% solution in un- 
buffered dilute HCl at pH 2.25 or 3.50 as explained below; optimal spreading into 
monomolecular films occurs in this range of protein concentration (20). Pyrex re- 
distilled water was used throughout these experiments. No undissolved material 
was noted. 

Surface pressure® and area measurements were made on 2 Langmuir-Adam surface 
troughs and balances, modified as described in I. The absolute precision and methods 
of handling, waxing, and cleaning these instruments have been described in detail 
in I. The troughs were mounted on a table resting on concrete piles to eliminate 
almost all extraneous vibration. The aqueous substratum in the troughs was dilute 
(1:10) McIlvaine’s buffer at pH 4.8-4.9, the isoelectric point of ovalbumin. The pro- 
tein solution was delivered to the interface by means of a micrometer syringe, using 
the method of Neurath (21). Surface tension measurements were made with a deNouy 
ring-type tensiometer (Central Scientific Company); attention has been called (22) 
to the inadequacy of this type of instrument in work with proteins, owing to molec- 
ular orientation phenomena as the ring is pulled through the interface. We have 
found this objection to be valid, but include certain of our data nevertheless, to 
indicate relative changes in surface activity rather than absolute values. Turbidity 
measurements were made with a Klett-Summerson photoelectric colorimeter. 


5 The surface pressure, /', may be shown to be related to the surface energies (or 
tensions) of the substratum and of the substratum plus film by the following equa- 
tion (32): 


F=y7y0- 7, 


where yo is the surface tension of the substratum, and vy; is that of substratum plus 
film. This should not be confused with the spreading coefficient, P's , which may be 
shown to obey the following relation (33): 


Vs = yp — YA — YAB > 


where yz, is the surface tension of the bottom phase, y4 that of the top phase, and 
yap the interfacial tension between them. Fs , which is the work of adhesion between 
A and B minus the work of cohesion, of phase A, is thermodynamically identical to 
the work of spreading multiplied by —1. Confusion between F and Fs has unfortu- 
nately penetrated the literature (15). 
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2. UV Irradiation 


Irradiation was performed in’ an airtight tank saturated with water vapor to 
prevent evaporation; all solutions to be irradiated were placed in Petri dishes 3 cm. 
below the UV source, which was, unless otherwise specified, a “Sun-Kraft’’ quartz 
mercury vapor tube, described by the manufacturer as delivering 86% of its energy 
at the 2537 A. resonance line. Control solutions, to determine the effects of ozone, 
were placed next to the experimental dishes, shielded (but not sealed) from the radia- 
tion’ by a glass plate. Another unirradiated control was allowed to remain outside of 
the tank at room temperature during the course of the experiment. 


3. Determination of Proteolysis 


Fragmentation of the molecule was followed in the following manner. Two protein 
samples at pH 2.25 were placed in Petri dishes a and 6; a was irradiated, while 6 
was shielded. Aliquots were withdrawn at intervals and allowed to spread at the 
air/water interface as described permitting determination of specific area, or were 
used for surface tension measurements. Molecular splitting should be demonstrable 
as progressive loss in surface activity and film area. The pH of solutions a and 6 
was checked electrometrically during the irradiation, but significant changes were 
not observed, thus eliminating the possibility of a large change in the isoelectric 
point of the protein during irradiation. 

Direct evidence of proteolysis was obtained by means of formol titrations for free 
carboxyl groups. Another protein sample at pH 3.50 was placed in Petri dish c and 
irradiated as a. Another sample d served as control for ozone. Five-milliliter aliquots 
were withdrawn from dishes c and d, treated with neutralized formol (final concen- 
tration 10%) and titrated with standardized 10-* N NaOH to a phenolphthalein end 
point. Because we discovered that the acidity of dilute HCl or of distilled water 
always increased upon intensive irradiation, it was necessary to irradiate a third 
dish, e, containing only the dilute HCl solvent, from which aliquots were withdrawn 
and treated exactly as those taken from c. Titration values for c were corrected for 
increase in acidity in e. The acidity of shielded solvent, f, was likewise determined 
by formol titration. 

An unproved assumption is involved in connection with these titrations, namely, 
that the presence of the protein does not accelerate whatever process might be causing 
the change in acidity of the solvent alone. This assumption is not unreasonable, 
especially since the concentration of protein was little more than 10-* M. Such dilute 
solutions are obviously not ideal for formol titrations, which are normally performed 
on much more concentrated protein; it was necessary for us to work with extremely 
dilute solutions to obtain maximum radiation effects and to avoid the danger of 
coagulation which we observed to occur with more concentrated solutions of protein, 
even at pH 3.50. Nevertheless, our results were consistent, as shown by a very low 
standard deviation on ten separate experiments (see below). 


4. Nonproteolytic Structural Change 


It was hoped that this could be detected by changes in the reducing activity of 
the protein in the absence of increase in free COOH groups. Nitroprusside, iodoso- 
benzoic acid (23), and porphyrindin (24) tests were attempted, but these were all 
negative; these procedures are evidently useful only with protein concentrations of 
the order of 3-5%. A very successful method was finally devised, based on the funda- 
mental observation of Bull (19) that heat-‘‘denatured” protein, previously held to 
be nonspreading (21, 25), could be made to form films if it were spread from a solvent 
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of sufficiently acid pH. Consequently, aliquots removed from a and b were treated 
in two different ways: (1) part was spread directly at the air/water interface as 
described; structurally modified albumin will spread at pH 2.25 (19); (2) part was 
dialyzed for 12 hours in the cold against constantly stirred isoelectric buffer (pH 4.9) 
before being allowed to spread at the air/water interface, as structurally modified 
‘ protein will have coagulated and will be unable to form normal films. Any decrease 
in the area of the films spread from the dialyzed protein, as compared with that 
from undialyzed protein, would, in the absence of demonstrable increase in titratable 
COOH groups, testify to a nonproteolytic alteration in the structure of the intact 
molecule. This would be visible directly in the increased turbidity of the dialyzed 
solutions, owing to flocculation of the modified protein at its isoelectric point. 

Ten complete experiments were run as described with a high degree of reproduci- 
bility. 


5. Operational Recapitulation 


Dishes a, irradiated, and b, unirradiated but in contact with ozone, etc., contained 
ovalbumin at pH 2.25. Aliquots withdrawn periodically were either used directly for 
surface procedures or were dialyzed against buffer at pH 4.9 in order to convert all 
modified protein, surface-active at pH 2.25, into non-surface-active, turbid aggre- 
gates. Dishes c and d contained irradiated and unirradiated protein, respectively, 
at pH 3.50; aliquots were withdrawn for formol titration. Dishes e and f contained 
solvent (pH 3.50) alone, and were used to detect the effect of irradiation and ozone, 
respectively, on the acidity of the solvent; titration values for aliquots from c and 
d were corrected for any increases in titer in aliquots from e and f, respectively. 


RESULTS 
1. Undialyzed Sample 


The sequence of changes in specific area is shown in Fig. 1. Curve A, 
the undialyzed fraction, shows an initial slight but consistently observed 
increase in area; this demonstrates that the UV induces an additional 
asymmetry causing the molecule to spread to a larger area. We have 
reported a similar finding in the case of films irradiated on a saline sub- 
stratum (I)®. Stallberg (26) has reported that heat-modified protein will 
spread to a slightly larger area than will the untreated control—a result 
quite like our own. 

Thereafter, a sharp drop in area is observed, so that after 10 hours the 
protein has virtually lost its capacity to form films. Since structurally 
modified ovalbumin will spread under these conditions (19), the progressive 
decrease in area (noted likewise by Neurath (21)) must be due to a de- 
struction of the molecule with appearance of small, soluble, nonspreading 


fragments. 
Figure 2 shows the course of change in appearance of carboxyl groups. 


6 A second note by Dognon and Gougerot (29) contradicts this result in the case 
of what they call “‘albumins’’; they did observe the area increase in the case of ir- 
radiated ‘“globulins.”’ Our next paper will contain an extended discussion of their 
results and interpretations, both of which differ from our own. 
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C. Shielded nondialyzed 


0.6 


A Nondialyzed 


D. Shielded dialyzed 


Specitic area (m.*/mg.) 
oO 
> 


0.2 B. Dialyzed 


0 2 4 6 8 10 
Hours irradiation (24°-27°) 


Fig. 1. Specific (extrapolated) area changes with duration of irradiation at room 
temperature. Curve A, nondialyzed, irradiated; B, dialyzed, irradiated; C, ozone 
control, nondialyzed; D, ozone control, dialyzed. 


It will be noted that during the first hour of irradiation there is no de- 
tectable increase in these groups; thereafter, there is a marked increase in 
the amount of base required to titrate an aliquot to neutrality, leveling 
off at around 5 hours; the leveling off suggests that nonspecific, indirect 
photooxidations are not involved. Table I demonstrates that treatment of 
an ovalbumin solution in the boiling water bath does not significantly 
increase the amount of base required in the formol titration. It follows 
therefore that the observed increase in free COOH groups must be due, 
not to an unfolding of the protein molecule (assuming that heat and, 
initially, UV alter the configuration of the molecule in a qualitatively 
similar way), but rather to a rupture of peptide bonds. This confirms the 
evidence of Fig. 14, which also suggests the occurrence of proteolysis. 
No increase in COOH groups was recorded for the protein solution allowed 
to remain, unirradiated, at room temperature. 

The average corrected increase in base required for neutralization 
(z.e., change in titer of protein solution minus change in titer of solvent 
alone) was 1.8 + 0.1 ml. (n = 10) for periods of irradiation varying from 
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nm 


A Irradiated 


Mis. 10°3 N. NaOH added (corrected) 


ray 


B. Shielded control 


(0) 2 4 6 8 10 
Hours irradiated at 25°C. 


Fia. 2. Formol titrations of undialyzed irradiated and control (ozone) solutions. 
Curve A, irradiated; B, ozone control. 


TABLE I 
The Effect of Heat-Modification on Formol Titrations 
Minutes in boiling ml. 10-3 NV NaOH added 
water bath (uncorrected) 

0 2.5 

30 2.7 

2.6 

60 2.6 

2.6 


10 to 24 hours. On the basis of a molecular weight for ovalbumin of 45,000, 
this corresponds to an increased uptake of 162 moles NaOH per mole of 
protein originally present—a surprisingly high figure. Assuming that there 
are 400 amino acid residues per molecule, approximately 2 acidic groups 
have appeared for every 5 residues present. 


2. Dialyzed Sample 


Figure 1, curve B, represents the change in area of the irradiated protein 
following dialysis against isoelectric buffer. There is, during the first 
hour, a very sharp reduction in area; the difference in area between the 1 
hour dialyzed and undialyzed aliquots constitutes unequivocal evidence 
of a change in protein structure which prevents the molecule from spread- 
ing at the air/water interface at its isoelectric point. After 1 hour, there is 
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Boiled 60 minutes 


60 


50 


A. Irradiated 


i B. Shielded control 


Klett units 


30 


204 


C. Room control 


10 


0 2 4 6 8 10 
Hours at 25°C. 


Fia.3. Development of turbidity with irradiation at room temperature in dialyzed 
samples. Curve A, irradiated; B, ozone control; C, sample left at room temperature. 
Turbidity level developed upon dialysis of an aliquot heated for 60 minutes at 100°C. 
is shown. 


a clear-cut rise in area of the films; this is followed by a progressive decrease 
in area, until at 10 hours only a very small film can be formed. 

Figure 3, curve A, represents the turbidity changes in the dialyzed 
sample. Maximum turbidity is reached at 1 hour; after 2 hours there is a 
rapid fall in turbidity and at 8 hours the solution is less turbid than it was 
at zero hours. Figures 1B and 3 demonstrate the existence of two distinct 
processes, the first being a nonproteolytic alteration of molecular structure, 
resulting in insolubility at the isoelectric point with consequent inability 
to unfold into monolayers and increased turbidity, and the second a 
destruction of the molecule, the decrease in area and turbidity confirming 
the more direct evidence of proteolysis of Fig. 2. 


8. Effect of Ozone 


Figure 1, curve C, and Figure 2, curve B, show that ozone causes little 
appreciable proteolysis. Figure 1, curve D, and Figure 3, curve B, show 
that ozone is effective in modifying the structure of the protein so as to 
render it insoluble and nonspreading at its isoelectric point. 


4. Changes in Other Properties 


Qualitative changes in the appearance and tensile strength of the fibers 
formed upon complete collapse of the monolayers are described in Table 
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TABLE II 


Appearance of Fibers with Duration of I rradtation; Results Identical for Room-Tem- 
perature and Cold-Room Irradiations 


Non dialyzed Dialyzed 
Duration, hours Irradiated Ozone Irradiated Ozone 
0 ++4++ +444 +t4++ 4444 
M4 +++ ++ 
% a + 
1 + +++4+ - +++ 
2* - = 
3 a - ~ 
8 - ok ~ ~ 
10 - = 
Boiled 44 hr. == = 


* If three times usual volume is spread, no change in results. 

+++-+ Tough thread running full width of trough, picked up in one piece. 
+++ Noncontinuous thread; possible to pick up parts from trough. 

++ Very fragile, slender, noncontinuous thread, impossible to pick up. 

+ Only tiny “‘hairs’’ (8-5 mm.) visible. 

+ Very fragile thread sometimes, but not always, seen. 


TABLE III 
Change of Surface Tension with Irradiation; pH 2.26 


Room temperature, 


Duration, hours dynes/cm. 
0 54.0 
8 TAeS 
Solvent alone 71.9 
(unirradiated) 


II; these changes are identical in character to those observed following 
irradiation of the monolayers (I). These findings seem to us to be very 
significant, despite the virtual impossibility of dealing with them quanti- 
tatively. Table II shows also that the ability of an ovalbumin film to form 
a solid thread or fiber is greatly diminished by prior modification of the 
soluble protein by heat, ozone, or UV, and is eliminated entirely by 
proteolysis. This is a regular and extremely reproducible phenomenon, 
whose significance we have discussed in a communication which has 
appeared elsewhere (27). Decrease in surface activity with irradiation is 
shown in Table III, which reveals that after 8 hours of irradiation the 
surface tension of the protein solution has reached the value of the solvent 
alone. This is closely parallel to the data of Dognon and Gougerot (28). 
Changes in the compressibility of the films are represented graphically 
in Fig. 4; it should be emphasized that considerable variability with 
respect to this property is encountered. The undialyzed protein shows no 
real decrease in compressibility until between 5 and 8 hours, reaching a 
level within the range reported for irradiated films (Figs. 1 and 4), 
which likewise showed no real increase in slope until 8 hours irradiation. 
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B. Dialyzed 


Slope of F.-A. curves 


D. Shielded dialyzed 


A. Nondialyzed 


C. Shielded nondialyzed 


0 2 4 6 8 
Hours irradiated at 25°C. 
Fic. 4. Changes in film compressibility with irradiation at room temperature; 
same volume spread in all cases. Curve A, irradiated, nondialyzed; B, irradiated, 
dialyzed; C, ozone control, nondialyzed; D, ozone control, dialyzed. 


The slopes of the films spread from dialyzed protein reflect quite a different 
situation, revealing two peaks (of minimum compressibility), the first 
early in the irradiation, between 14 and 2 hours, and the second at 8 
hours or after. The ozone-modified protein. after dialysis likewise yields a 
film which is of very low compressibility. One may hazard the guess that 
these very incompressible films, occurring when total film area is lowest, 
result from the presence at the interface of poorly spreading, incompressible 
aggregates formed by bringing to the isoelectric point the structurally 
modified protein or certain of its breakdown products. 

The differences, reported in I, between the linearity (and collapse) 


points of irradiated and unirradiated films were not observed in these 
experiments. 


Discussion 


The initial effect of UV radiation has been to alter the structure of 
ovalbumin so as to render it coagulable and nonspreading at pH 4.9, its 
isoelectric point, yet causing it to spread to an even larger specific area 
at pH 2.25; no increase in COOH groups was noted during this period. 
The criteria which we have proposed above for a nonproteolytic structural 
alteration have thus been satisfied. These changes in properties, as well as 
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the change in appearance of the fibers formed on compression of the 
films, are also produced as a result of treatment of the protein with heat 
and (with the exception of the area increase, which has not been reported) 
with urea (see 27). The primary action of the absorbed UV energy has 
probably been the rupture of some secondary valence bond or bonds 
changing the protein to a condition similar to that brought about by the 
usual “denaturing” agents (3). The similarity of action of all these agents 
makes it uneconomical to invoke proteolysis as part of the primary UV 
process, although of course the possibility of the destruction of a very 
small number of peptide bonds, below the level of sensitivity of our 
method, cannot be gainsaid by our wholly negative evidence. 

Positive evidence of proteolysis appeared after 1 hour of irradiation, as 
base-binding groups were discovered in the formol titrations. The large 
number of these groups seems to exclude the possibility that this be due 
to a nonspecific oxidation of aromatic residues, proposed by McLean and 
Giese (17). In any case, nonspecific oxidations could not account for the 
other secondary changes observed: decreasing coagulability at. the iso- 
electric point, loss of ability to form films, and abolition of surface activity. 
These are changes characteristic of proteolysis, a process which produces 
small incoagulable and non-surface-active fragments; a possible shift in 
the isoelectric point of the protein produced by molecular unfolding with 
consequent exposure of acid or basic groups could not account for the 
abolition of surface activity noted at pH 2.25, nor, indeed, for most of the 
other effects noted. 

Following the minimum in film area (Fig. 1, curve B) observed after 
dialysis of the 1-hour-irradiated protein, there was observed a secondary 
rise in area. That this was due to proteolysis is further strongly suggested 
by the analogous situation obtaining in a paper by Gorter (25), where 
nonspreading, “denatured”? ovalbumin could be caused to form films of 
normal area by addition of a small amount of proteolytic enzyme to split 
the protein “into somewhat smaller particles.”’ Direct evidence of 
proteolysis in UV irradiated solutions of chymotrypsin has been found in 
the laboratory of McLaren (30), where both amino and carboxyl groups 
were successfully titrated. 

We regard our data as confirmation of the essentials of the hypothesis 
of Bernhart (13), who irradiated solutions of ovalbumin and noted first 
an increase and then a decrease of isoelectric coagulable protein; he 
demonstrated that his clear filtrate contained dialyzable nitrogen. He 
stated that “the weights of egg albumin precipitated at the isoelectric 
point follow closely the theoretical values obtained from an equation 

7 Or possibly small non-film-forming fragments might aggregate into larger, sur- 
face-active units. This interpretation is favored by the curious fact that the second- 


ary rise in area was not noted in several experiments in which the irradiation was 
carried out at 2°-5°C., despite the fact that spreading was thereafter performed at 


room temperature. 
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which assumes that the denatured protein is formed by a first order process 
and that the isoelectric soluble derivatives are formed from the denatured 
protein by a first order process.” 

The possibility of some sort of indirect action through the irradiated 
medium, other than that due to ozone, has not been investigated. That 
photooxidation of the peptide bond may be involved in the secondary 
process (proteolysis) is strongly suggested by the data of many workers 
(see reference 15), but has not here been studied, nor have we eliminated 
the possibility of the action of trace amounts of photosensitizing con- 
taminants (31); these processes would not upset the validity of our 
conclusions. 
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INTRODUCTION 


The viscosities of dispersions of particles enveloped by a diffuse electric 
double layer exceed those of dispersions of uncharged particles (electro- 
viscous effect). Von Smoluchowski (1), Krasny-Ergen (2), and Booth (3) 
have tried to derive a quantitative relation between this excess viscosity 
and the structure of the diffuse double layer. Experimental data of Booth 
and of Dobry (4) show that the effect predicted by von Smoluchowski is 
too high. Harmsen, et al. (5) conclude from experiments with a silver iodide 
sol that their results do not conflict with Booth’s nor with von Smoluchow- 
ski’s theory. They ascribe the electroviscous effect in their system to an 
interaction between the double layers of the particles, and leave the effect 
at very low volume concentrations (¢) of the particles out of consideration. 

The present article describes measurements of viscosities of emulsions, 
1.e., dispersions of spherical particles of different sizes. In addition, the 
particle diameters have been calculated from light-scattering measure- 
ments. 

EXPERIMENTAL 


The following materials were used: 
The oil was a medicinal oil, molecular weight 320, viscosity at 20°C., 39 | 

centipoises, density at 20°C., 0.87. 

The emulsifier was a white, powdery mixture of sodium naphtha sulfonates 
obtained by treating an SO»-extracted mineral oil with oleum. The tech- 
nical product was freed from mineral oil and water and consisted mainly 
of alkylbenzene (naphthene) sulfonates with an average molecular weight 
of 475. 

Distilled water. 

The emulsifier was dissolved in the oil to concentrations of 5 to 35% 
wt. The densities of these solutions are a linear function of the weight 
percentage of emulsifier, corresponding with a density of the emulsifier 
of 1.10 at 20°C. To the clear, fluid oil-emulsifier system water was gradually 
added with stirring, giving successively clear-fluid, clear-gelated, turbid- 
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plastic systems. Above a certain percentage of water the system becomes 
fluid again and can be easily diluted with water, yielding oil-in-water 
emulsions. The oil droplets are small to very small and only a minor part 
of those of the coarsest type are visible under a microscope. Emulsions of 
10% wt. made from oils containing 30% wt. and more of emulsifier were 
centrifuged for half an hour at an acceleration of 25,000 g; no migration 
of emulsified oil was noticed. These facts warrant the conclusion that there 
are no significant differences in particle diameter, as was to be expected 
. in view of the method of preparation. Schwarz’s (6) reasoning that varia- 
tions in droplet diameter decrease with the average particle size would 
point in the same direction. 

The oil-in-water emulsions made by the method of phase inversion were 
diluted with water to varying oil concentrations after which the viscosities 
were measured at 20.00 + 0.02°C. in B.S.I.-viscometers (British Standard 
Institution No. 188 (1937) (7). The viscometers used were such that cor- 
rections for kinetic energy, being <0.5%, could be neglected. 

Light-scattering measurements were made after diluting the emulsions 
with water to 1% wt., and subsequently to 0.1-0.0005 % wt. with a 0.015 % 
wt. solution of emulsifier in water, which is the critical micelle concentra- 
tion. It was used to prevent desorption of emulsifier from the water-oil 
interface, as this would lead to instability of the emulsions. Light scatter- 
ing was measured! at different angles @ with the incident beam. Assuming 
the particles to be of equal size, their diameters were calculated with the 
aid of Rayleigh’s equation for the scattering of spherical particles: 


aes Qn’ NV” ( m — 
? 2rr4 \n2 + Qn? 


2 
) (1 + cos’ 6) Ip 


where 

% = intensity of the scattered light ina direction which makes an angle 

6 with the incident beam; 

I) = irradiance of incident light; 

V = volume of a particle; 

N = number of particles per cm.'; 

r = distance between scattering volume and measuring device; 

No = refractive index of medium; 

m, = refractive index of particle; 

\ = wave length in medium. 

After subtraction of the light scattered by the medium, the particle 
diameters were derived: 

1. From the intensity 7%) of the scattered light perpendicular to the 


‘The light-scattering measurements were made by Messrs. D. J. Coumou and 


W. Boog of this laboratory, who also carried out the calculations of the particle 
sizes. 
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incident light beam. For particles larger than 0.1 a correction P (90) 
was applied for deviation from the pure Rayleigh scattering (8). This 
correction can be found in the usual way from dissymmetry measure- 
ments. 

2. From the intensity 7 of the scattered light when 6 = 0°, found by 
extrapolation of the scattering in different directions 6. 

The measurements were carried out in a light-scattering apparatus 
fitted with a photomultiplier cell. The incident beam was light of the blue 
mercury line (Avac = 4858A.). 


RESULTS 
1. Viscosity of the Emulsions 


The relative viscosities 7, of the emulsions are recorded in Table I; the 
viscosity of the medium is assumed to be 1.015 centipoises, viz., the vis- 
cosity at 20°C. of a 0.015% wt. solution of emulsifier in distilled water 
(critical micelle concentration). From n, we calculated K = (n, — 1)/¢; 
gy = volume fraction of emulsified oil + emulsifier in the emulsion. 

K as a function of ¢ is plotted in Fig. 1: for the sake of convenience as 
1/K versus yg. K-values for ¢ — 0 are derived by extrapolation, giving 
values which lie between the reasonable limits recorded in Table I. 

According to Einstein’s relation (uncharged rigid spheres) Kyo = 2.5. 
The values found are higher, which points to an apparent increase in volume 


TABLE I 
Viscosity Data of the Emulsions 
5 1- : l P. b 1. of Ko 
Eee end  Aiged cil iat cemulited oll sn e [ae aad 
sified oil emulsion emulsion ¢ nr emulsion K g—0 2.5 
Ones 5 0.0565 ie aley 3.01 2.6-2.7 1.04-1.08 
10 0.112 1.40 Bolavl 
20 0.222 PAN 5.04 
30 0.328 3.52 7.70 
10 5 0.0559 1.21 Batt 3.0-3.1 1.20-1.24 
10 0.111 iL gall 4.60 
20 0.219 2.56 els 
30 0.325 5.64 14.3 
17 5 0.0549 1225 4.56 3.4-3.5 1.36-1.40 
10 0.109 1.68 6.23 
20 0.216 3.94 13.6 
30 02321 22,15 66.1 
35 5 0.0531 oo 6.59 4.8-5.0 1.92-2.00 
10 0.106 1.96 9.04 
20 0.210 6.50 26.2 
30 0.313 92.8 294 
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0/0 QA20 Q30 gp 
° S5%wt OF EMULSIFIER IN EMULSIFIED OIL 
x /0 do 
4 17 do 
Q Bf) do 


28. r—l1 2 
Fig. 1. Relation between +/K (« = m1) and ¢ (parts by volume of emulsified 
(ia) 
oil). 


fraction of dispersed oil, z.e., during flow the oil droplets behave as if their 
volume were V times the real volume. Maintaining Einstein’s relation, 
this means that 


UL me 1 a) . = i 1 ue Keane 
vo 25 and \-V- 35e 25 
From the data mentioned in Table I it appears that Ky» approaches 


2.5 and V approaches 1 when the emulsifier content of the emulsified oil 
approaches zero. 


2. Laght-Scattering Measurements 

The particle diameters calculated from the light-scattering measure- 
ments are represented in Fig. 2 as a function of the emulsifier content of 
the oil. The values calculated from io and 7% agree fairly well. 

No doubt the particles are not strictly of equal size. Heterodispersity 
leads to stronger scattering than corresponds with the volume average of 
the particles and hence the calculated diameters will be on the high side. 
As we assume that the (slight) heterodispersity increases with the average 
diameter (see Experimental part), only the data of emulsions with particles 
smaller than 500 A. are used for the following calculations. 

Earlier work (9) had shown that emulsions of this type made by phase 
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Os Qz0 0.25 0.30 035 
© CALCULATED FROM lo 
x do / 90 
A do EQUATION (6) 


Fic. 2. Relation between particle diameter d derived from light-scattering meas- 
urements and emulsifier content a of emulsified oil. 


inversion have practically all their emulsifier molecules in the oil-water 
interface. Starting from this knowledge and from the particle diameters 
derived from light-scattering measurements, we can calculate values for 
the surface area occupied by one emulsifier molecule at the oil-water inter- 
face. 
Let 1 g. of emulsifiable oil with a density po be divided into n spherical 
particles with equal radius r. 
gu eee i 
Anr?/3 Amr po 


The total surface area of these particles is given by: 


S = nArr [2] 

Substituting the n-value of [1] leads to: 
Sit 3] 

Tpo 


Each gram of emulsified oil contains a g. of emulsifier with molecular 
weight M or (a/M) X N molecules of emulsifier. (V = Avogadro’s num- 


ber.) 
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TABLE II 


A. Surface Area S, per Emulsifier Molecule im Oil-Water Interface. B. Particle 
Diameter d Calculated from Ss. 


A B 
a, g./g. a, A. po, g./om.3 Ss, A.? a, g./g. po, g./om.3 GstAne 
0.225 430 0.914 54 0.15 0.899 670 
0.25 380 0.919 54 0.175 0.904 570 
0.30 325 0.930 52 0.20 0.908 500 
0.35 290 0.940 50 
0.05 0.880 2050 
0.10 0.890 1020 
0.17 0.904 585 
0.35 0.940 275 


Hence, the surface area occupied per molecule of emulsifier at the oil- 
water interface of the emulsion is given by 


3M 6M 
Pee as Sn: 4 
5 rpoaN ~~ dpoaN [4] 
where d = particle diameter. The S, values calculated in this way 


(M = 475) are represented in Table ITA. 

The calculated S, values are fairly constant. By using the average value 
of 52 A.2 the particle diameters of emulsions with lower emulsifier contents 
(a = 0.15-0.175-0.20) of the oil can be calculated: 


Ss Napo te apo ; 5] 
derived from [4]. 

These d values are shown in Table IIB. They are lower than the correspond- 
ing d values calculated from light scattering (Fig.2). The difference in- 
creases with the average particle size; this is in agreement with the concept 
of increasing, yet small, heterodispersity. 

The S, value of 52 A. being probably a reliable characteristic value of 
the emulsions under investigation, it has been used for calculating in the 
same way the particle diameters of the emulsions whose viscosities were 
measured. The results are also recorded in Table IIB (a = 0.05-0.10- 
0.17-0.35). 

DIScUSSION 


If the apparent increase in droplet volume during flow is represented by 
an increase Ar of the radius r, 


4a : 
y- eee ob Aer eae (6] 


This equation is used to calculate the Ar values of the emulsions under 
investigation (Table III). 
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TABLE III 
Apparent Increase in Radius of Emulsion Droplets 
a, g./g. r (Table II), A. V (Table I) VV —1 Ar, A. 
0.05 1025 1.04-1.08 0.0140 .028 14-28 
0.10 . 510 1.20-1.24 0.062-0.073 31-37 
0.17 293 1.36-1.40 0.108-0.118 32-35 
0.35 138 1.92-2.00 0.242-0 .260 33-36 


Considering that the Ar value for a = 0.05 will be strongly influenced 
by small experimental errors, it can be concluded that the Ar values are 
independent of particle size. This means that during flow of the emulsions 
all oil droplets, irrespective of size, behave as if they were enveloped by a 
rigid layer of 30-35 A. thickness. 

This conclusion has been drawn for very low concentrations of emul- 
sion droplets where interaction between the particles is precluded. 

The apparent increase of the radius of the spherical particles during 
flow can be ascribed to the presence of a charge on the surface of the oil 
droplets (electroviscous effect). The charge originates from the strongly 
ionized sodium sulfonate molecules in the oil-water interface, building up a 
negatively charged layer at the interface and a positively charged diffuse 
layer around the oil droplets. That Ar is independent of particle size becomes 
understandable considering that the density of the sulfonate molecules 
and hence the charge density on the surface of the oil droplets is equal for 

all emulsions (Table II). 
~The viscosity increase is much larger than follows from the theory of 
von Smoluchowski or of Booth (see ref. 5, page 76; K = 2.50-2.58 for 
d = about 300 A.). It seems, therefore, not probable that the electroviscous 
effect found at very low emulsion concentrations is due to a distortion of 
the diffuse layer of counterions around the emulsion droplets. However, 
an appreciable attraction of the water molecules in the double layer may 
take place because of the high electric field strength (of the order of 10° to 
10° volt cm~) occurring in the vicinity of the particle surface. Thus the 
apparent increase of the oil droplets radii may be caused by a strongly 
adsorbed layer of water molecules. 

The diffuse layer of ions around colloid particles may increase light scat- - 
tering of the dispersion (Hermans (10), Doscher and Mysels (11)). Her- 
mans argues that the light scattering measured is that of the particles 
proper increased by that of the diffuse layer. The magnitude of this increase 
is determined by b(v,€p/Vpe;) 
where 6 = ratio of ion to particle influence per cm.’ of these compounds 

on the refractive index; 
v = volume of ion and particle; 
e = electric charge of ion and particle. 
Assuming for the radii of sodium ion and particle 1 and 100 A., respec- 
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tively, and one negative charge per 50 A.’ surface area of the oil drops, 
V;€p/Vpe; = 0.0025. Owing to the low polarizability of sodium ions their 
influence per cm.’ will not differ appreciably from that of the oil. Hence 
the value of b will be low, and the influence of the diffuse layer of sodium 
ions, negligible. 

SUMMARY 


From the viscosities of oil-in-water emulsions of varying particle size 
and concentration (prepared with the same oil and emulsifier) an apparent 
increase in oil concentration during flow was derived. The particle sizes were 
calculated from light-scattering data of these emulsions. Combination of 
these data makes it possible to calculate an apparent increase in particle 
diameter during flow in cases where interaction between oil droplets is 
precluded. This increase seems to be independent of particle size and is 
ascribed to the electric charge on the surface of the particles. 
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ABSTRACT 


In this paper a simple theory of the continuous ion exchange supposed to occur 
in natural systems is discussed and some experimental data are presented. The re- 
lease of adsorbed ions is calculated and compared with the corresponding release 
from the batch exchange of static systems. The experimental results were found to 
support the theory. 


INTRODUCTION 


Ion exchange in natural systems, e.g., biological systems and soils, is 
generally a more or less continuous process of low rate which often fails 
to produce a final equilibrium state. Reactions of this type we find, for 
example, in the desorption of cations from soil colloids as part of the uptake 
of nutrients by plants. The replacing agent is primarily the hydrogen ions 
of carbonic acid slowly produced by the plant roots and living organisms. 
The capacity of the replacing hydrogen ions per unit time must obviously 
be low. Because of the nutrient absorption, caused both by the migration 
of ions and the flow of water from the soil into the roots, the concentration 
of replaced ions in solution is kept low. As a consequence of this mechanism 
the exchange will be slow and continuous. Part of the reactions involved in 
the loss of nutrients by leaching also belong to this type of exchange, since 
the sinking water contains carbonic acid and other electrolytes, leading to 
an ion exchange. 

The uptake and leaching of nutrients have a disturbing effect on the dis- 
tribution of the diffusible ions in the soil. As a matter of fact the active roots 
are far from being in contact with the whole soil surface, and the leaching 
water in many soils moves mainly in fissures, cracks, root holes, and other 
interstices. Because of these conditions, an ion diffusion, intimately as- 
sociated with ion exchange, takes place, the latter being continuous and 
of low rate. 

This process may be pictured as a repeated batch exchange taking place 
in an infinite number of steps, the amount of ions exchanged in each step 
being infinitesimal, owing to a low activity of the replacing ion. Further, the 
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concentration in the solution of the ions replaced from the solid phase is 
often low, owing to a more or less complete removal of the ions from the 
exchange system or by some sort of inactivation (e.g., complex formation) 
rendering the ions unable to take part in the equilibrium. An exchange of 
this kind consequently requires a special theoretical and experimental 
treatment. 

The theory as presented here followed as a logical consequence of an in- 
vestigation concerning the influence of the proportions of the exchanging 
ions and of the exchange of minute quantities on the ion distribution (1). 
It was briefly discussed in connection with a study of the release of plant 
nutrients in soil (2). In a recent paper (3) this exchange was further studied 
and given the name continuous infinitesimal ion exchange’ to distinguish it 
from other categories of exchange such as the batch type and the dynamic 
exchange, taking place in static systems and columns, respectively. 

In the continuous exchange we are interested in how far the exchange 
will proceed in a certain time, that is, the amount of ions released or the 
change in the composition of the adsorbed ions in this time. In the batch 
exchange, on the other hand, we study the ion distribution after a more or 
less momentary exchange caused by addition of eh ha: or by mixing 
exchangers of different composition. 


THEORETICAL 


A simple mathematical expression of the continuous exchange may be 
derived in the following way. 

We assume an exchanger saturated with the ions A and B of the same 
valence, the total amount of the ions being A7 and Bz moles. By addition 
of a third ion, & moles of the adsorbed ions are replaced. 

As has been shown in several papers from this Institute, ion-exchange re- 
actions may be described by means of the Donnan equilibrium. The re- 
sulting distribution of the ions A and B between exchanger (e) and inter- 
micellar solution (s) after the replacement can therefore be expressed as 
follows: 

(4). _ (4). A 
(B). (Be 


where (_ ) means activity of the respective ions. 
Using the well-known relationship 


(A) ne f [A], 
fa being activity coefficient of A and[  ] concentration, we obtain 
Lal les [A]. 
fP Koenuerthesle ey a 


‘In the following for the sake of brevity called only continuous exchange. 
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where a4,z is the equilibrium quotient, related to the activity factors by 


- J4@ JB) 
eee ee 


Sats) fae) 


Qa, 


4,8 iS assumed to be constant. 

Because A and B have the same valence and are present in the same 
liquid phase, their concentrations may be substituted with the correspond- 
ing moles (A, , A. , B, , B.), and the equilibrium is thus independent of the 
volume of the intermicellar and micellar solutions. 

Using the equations: 


Ar,=A,+ A, 
By = B+ B. 
R =A,+B, 


Eq. [2] is transformed into the following expression, containing A, as the 
only dependent variable: 


aN = aa, a(R = As) [3] 
Ar,—A, Br—R+ 4s: 
If the exchange is very small, that is, R « Ay + Br, and the conditions 


are fulfilled as stated below, it follows that A, «< A; and (R — A,) « 
By, . Equation [8] may thus be reduced to: 


A, = Ga nh a As) [4] 
T Br 
or after transformation: 
AA, = __a,p'Ar -AR, [5] 
Br ote aa,p' Ar 


where AA, and AR mean the released amounts. The validity of [4] and [5] 
requires, however, that a4, be not very large (a4,z not > 1) if the mole 
fraction of A is very small, that is, Av: Br — 0, and that a4,» be not very 
small (a4, not < 1) if the mole fraction of B is very small, that is, Br: 
Ar— 0. ey 

If the exchange is a real continuous infinitesimal reaction, the conditions 
being AR — dR and AA, — dA, , the exchange may be best described by the 


differential quotient 


ED eth 20 FO 
Wh ak 


The total amounts A, and B, of Eq. [5] have then to be substituted with 
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the corresponding variables A, and B, . The resulting differential equation 
reads 
eR oma aL 6] 

Be si Q@Aa,B* Ae 
where A, = Ar — A, and B, = By —R+A.. 

For integration [6] is combined with the last two equations and can then 
be written 
aa,p°A.-dR 


[7] 
aa,p'Ae co AZ = Ar 5 Br —K 


—dA, = 


and after transformation 

—dA[—A. oe Ar + Br — R] = aa,p*A.-dR Se aa,p'Ae-dAe 
which gives 
dA. —dA,—dR 


eo) ies : 8 
Ae rE A Aten pel Sa Eg 8] 


Equation [8] can be integrated directly; thus 
In A, = a4,2In (Ar + Br — A, — Rh) FC [9] 
when R = 0, A. = Ar, and C = In Ar — ag,p in Br. 
By substitution of C in [9] we obtain 
A Ar + By = As— fk 


In— = In 
ie QA,B Br 


? 


or since A, = Ar — A;: 


Aneias (2: +A,— Bee 
Se ee ; 10 
Ae B, [10] 


From Eq. [10] the release of the ion A by a continuous exchange can be 
calculated as a function of the total release R. From the relation 


R =A, Bs 


the release of the ion B is obtained. 
Equation [10] can also be written in a form more convenient for calcula- 
tion of the exchange isotherm. Thus, 


A, (be 
a . [11] 
Taking the logarithms of the function, 


log A. = log Ar + aa,» log =, 


Pr 
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gives an equation of the first degree with a as the slope of the line. However, 
it must be kept in mind that the straight-line relationship is valid only as 
long as a is a constant. By several experiments it has been established that 
a has a tendency to vary with great changes in the ion proportion. The 
degree of this variation is dependent on the nature of the ions and the ex- 
changer. It is of interest to note that in previous experiments (3) a proved 
to be rather constant for exchange performed as small successive replace- 
ments, supposed to resemble the continuous exchange. 
The relationship between a, the relative release of A and B that is, 


AA 
BR 


and the total release R has been discussed previously (1, 3). 
The relationship proved to be: 
= Aa ar 1 


A4,B= = 


BeBe” 
if A has a lower adsorption affinity than B, and 
< As: Ar 


4,2 => 


Sel 
By Br 


if the opposite is true and 


r>0B,: Br 


In Figure 1 exchange isotherms are given for the continuous exchange as 
well as for the batch type of exchange, the former calculated from formula 
[11] and the latter from the Donnan equilibrium. The relative adsorption 
affinities of the ions A and B are varied by assuming a to be equal to 0.25, 
1, and 4. Mole fraction of A is assumed to be 0.01. 

From the figure the following conclusions can be drawn: 

1. The desorption curves of the batch exchange are symmetric, whereas 
those of the continuous exchange are asymmetric. 

2. When au,s = 1, that is, the adsorption affinity of A and B being the 
same, the release is independent of the type of exchange and is proportional 
to the total release. 

3. When a4,z = 0.25 (or more generally a4,2 <1), A being more firmly 
adsorbed than B, the continuous exchange releases less of A but more of 
B than does the batch exchange. 

4, When au,z = 4 (or more generally a4,s >1), A being more weakly 
adsorbed than B, the continuous exchange releases more of A but less of 
B than does the batch exchange. : 

5. The continuous exchange compared with the batch exchange therefore 
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Xgg> 0.25 


° 10 20 30 40 50 60 70 60 90 100 


R % of Ar + Br 
Fia. 1. Influence of the mode of exchange on the release of an ion A, combined 
with an ion B of the same valence, the equilibrium quotient (@24,2) assumed to be 
0.25, 1, and 4 and the replacement (R) of A + B to vary from 0 to 100%. B.E. and 
C.1.E. signify batch exchange and continuous exchange, respectively. A; means 
amount of A replaced and A, total amount adsorbed originally. Mole fraction of 
A = 0:01. 


tends to decrease the release of the more firmly adsorbed ions and to favor 
the release of the more weakly adsorbed ions. This effect is the more pro- 
nounced the greater the difference between the adsorption affinities of the 
ions, that is, the greater or the smaller the a value, and the more dissimilar 
the mole fractions of the adsorbed ions. An ion present in a high proportion 
may be only little or practically not at all affected. 


EXPERIMENTS 


In our recent paper (3) some experimental results with the resinous cation 
exchanger Amberlite IR-100 saturated with either Lit — K+, Nat — K+, 
or Nat — Cu’* were presented to exemplify the ion-exchange theory dis- 
cussed. 

In further experiments, discussed below, the same exchanger was satu- 
rated with Lit, Kt, and Mg?+ in two different proportions: (1) 5% Lit, 
90% K+, and 5% Mg?* and (2) 80% Lit, 10% K+, and 10% Mg?+. 

The batch exchange was accomplished by addition of increasing amounts 
of hydrochloric acid to a set of identical systems of the respective ion pro- 
portions. No real continuous exchange experiment has been carried out. 
From the theory it appeared that the continuous and the batch exchange 
curves approach each other and finally coincide as the percentage replace- 
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ments decrease. Utilizing this fact a quasi-method for the continuous ex- 
change has been applied. 

In the experiments designed to resemble the conditions of the continuous 
exchange, small fractions of the adsorbed ions were successively replaced 
by addition of hydrochloric acid. Equilibrium having been established (two 
hours reaction time, shaking now and then), the free solution was thoroughly 
removed, new portion of acid added, etc. To increase the accuracy of the 
analyses successively replaced portions were combined, as given in the 
table, evaporated, and submitted to analysis. Li and K were determined by 
flame-photometer and Mg by the thiazol yellow method. The desorption 
curves of the “continuous” exchange were obtained by summation of the 
successively replaced quantities of the different ions and related to the sum 
of the released Li, K, and Mg. 

System I: Lit 5%, K+ 90%, and Mg*+ 5%. The results are given in Table 
I and Fig. 2. This experiment deals with a system containing a small amount 
of the weakly adsorbed Li and the firmly adsorbed Mg and a large amount 
of the moderately adsorbed K. 

System IT: Lit 80%, K+ 10%, and Mg?+ 10%. The results are given in Fig. 
3. This system deals with an exchanger saturated with a large amount of the 


TABLE I 
Replacement of Lit, K*, and Mg** from Amberlite IR-100 by Addition of HCl 


4 grams of exchanger saturated with 0.25 meq. Lit, 4.50 meq. K*, and 0.28 meq. 
Mg.** Two different types of experiment, the first being of batch type and the 
second supposed to resemble continuous exchange. Solution volume 100 ml. 

Replaced, meq. 


HCl added, 


meq. Lit eix Kt Mgt Lit + K+ + Mgt+ 
Batch exchange 
1 0.077 3.20 0.55 Trace 0.63 
3 0.13 SEoD Thea 0.0026 127 
7 0.18 BEOe 1.89 0.015 2.09 
20 0.22 (4.45) 2.79 0.060 3.07 
40 0.23 Sie (4 3.41 0.15 3.79 
70 0.24 4.42 3.76 0.21 4,21 
100 0.245 4.78 4.09 0.24 4.58 
““Continuous’’ exchange 
Total Total Total Total 
a ORL 0.063 0.43 Trace 0.49 
HOE OF 0.12 0.91 0.0010 103 
10 O71 0.16 183! 0.0019 1.47 
20< Onl 0.21 1.90 0.0054 22 
10 * 0.15+ 0.24 2.61 0.012 2.86 
10 X 0.20 

20) <0: 30 0.25 3.30 0.018 SEO 
15 X 0.40 0.25 3.70 0.023 3.97 


Il 
= 


> replac. 
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Fia. 2. Replacement of Lit, K*, and Mg*t. Mole fractions of Lit and Mg* being 
small. Compare with Table I. 


100, 
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Fic. 3. Replacement of Lit, K+, and Mgt*. Lit = 4.00, Kt = me: 
= 0.56 meq. F ‘WW, Kp = 0.50, and Mgy 
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weakly adsorbed Li and a small amount of the moderately adsorbed K and 
the firmly adsorbed Mg. 


DISCUSSION 


System I. The results are qualitatively in good accordance with the theory. 
Thus, there is a marked difference between the percentage replacements of 
Li and Mg, respectively, in the batch exchange and the “continuous” 
exchange. While the weakly adsorbed Li shows a greater desorption by 
the “continuous” exchange than by the batch exchange, the opposite is 
true of the firmly adsorbed Mg. At a total desorption of 70%, practically 
the entire amount of Li is released but only 6% of Mg by the “continuous” 
exchange. The corresponding figures for the batch exchange are roughly 
92 % of Li and 37 % of Mg. In addition to the effect of the mode of replace- 
ment, as discussed for ions of the same valence, the different concentration 
of the solutions, influencing the distribution of the mono- and bivalent 
ions (4), is also of importance in explaining the above results as to mag- 
nesium. 

As could be expected, the release of potassium, representing the major 
part of the adsorbed ions, is not affected by the type of exchange as far as 
can be disclosed by an experiment of this kind. The equilibrium quotient, 
azi/x Of the batch exchange has been calculated and proves to increase 
slowly with increasing degree of exchange (Table I). 

This experiment shows conclusively and in accordance with the theory 
that a desorption taking place successively and in small quantities, in 
comparison with a larger desorption, tends to conserve the firmly adsorbed 
ions at the expense of the weakly adsorbed ions. This effect increases with 
the difference in concentration and in adsorption affinity of the ions in 
question. It is greater for ions of different valence than for ions of the same 
valence and comes to a maximum if the desorption is a real continuous in- 
finitesimal exchange. 

System II. Being the dominant ion, lithium behaves in this series the same 
way as potassium in the former, that is, no certain difference was found. 
On the other hand K and Mg, though being present at not less than 10%, 
show a greater desorption in the batch exchange than in the “continuous” 
exchange. This is explained by the higher adsorption affinity of K and Mg 
than of Li. The release of Mg in the “continuous” exchange is markedly 
small, reaching only about 3% at a total release of 80 %. The corresponding 
figure in the batch exchange amounts to 20%. Owing to a higher degree 
of Mg saturation the difference between the Mg curves is less in system II 
than in system I. Asa result of the greater competition between K and Mg 
than between Li and Mg, the Mg release in the batch as well as in the 
“eontinuous” exchange experiment is greater in system I than in system II. 
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Though these studies were carried out with a synthetic exchanger, the 
conclusions arrived at may have important bearings on several natural re- 
actions. According to Clark and Washington (quoted by Rankama and 
Sahama (5)) the contents of sodium and potassium in the lithosphere 
amount to 2.83% and 2.58 %, respectively, giving a ratio of 1.1. In the sea, 
however, the corresponding ratio is 27.8. The greater losses of sodium com- 
pared to those of potassium by leaching and the accumulation of sodium 
in the sea may be explained partly by the fixation of dissolved potassium 
as lattice component of clay minerals and partly by the continuous ex- 
change taking place. As a matter of fact sodium is more weakly adsorbed 
than potassium by the soil material, thus making possible a dissimilar re- 
lease of the two ions, strengthened by the continuous exchange. The loss of 
the important minor elements, present in the soil in very small quantities 
and being very firmly adsorbed, such as copper, cobalt, zinc, and molyb- 
denum, may also be minimized by an ion exchange of the continuous type. 

In a recent survey, Tompkins (6) discusses factors determining the ion 
selectivity of exchange resins, without, however, including the mode of 
exchange. As made clear by our study, this must also be considered as a 
significant selectivity factor. Calculation of the equilibrium quotient of the 
mass action law and of the relative adsorption affinities of ions from ex- 
change data has been carried out by several investigators during the last 
years. By the present theory and experiments evidences are brought about 
that such a procedure is valid only if the results obtained are applied to 
systems where the exchange is performed in the same way. Thus, equilib- 
rium quotients gained by batch exchange may not be directly applicable to 
natural systems with ion exchange of the continuous type unless the batch 
exchange comprises only a small portion of the adsorbed ions. With the use 
of the ordinary replacement method for determination of the relative ad- 
sorption affinities of soil-adsorbed ions the percentage exchange should con- 
sequently be kept as small as possible. 
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ABSTRACT 


Some measurements have been made of the rate of radial spread of liquid pools on 
horizontal surfaces and between approaching parallel flat plates. Graphs giving the 
dimensions of the pools after different intervals of time and with different surface 
finishes have been prepared for several liquids on different kinds of surfaces; also 
derived graphs relating the rate of radial flow with film thickness, etc., have been 
included. Movement is complex and specific to the surface and chemical character 
of the liquid but it is possible to follow the effect of adsorbed surface films and to 
correlate movement with the periphery resistance (Jamin effect). With the use of 
binary mixtures of liquids, correlations have been found for rate of radial spread 
with several properties, such as the coefficient of friction, adhesion, contact angles, 
and swelling. Any increase in surface activity consequent upon molecular disaggrega- 
tion is accompanied by a higher rate of movement, increased adhesion, etc. Some 
liquids are more sensitive to the roughening of surfaces than others. The effect of 
viscosity usually appears to be masked by surface effects, etc., but with liquids of 
low Jamin resistance, apart from the initial and later stages of spreading, an approx1- 
mate relation between time and the radius of the pool can be obtained both for a | 
liquid spreading on a horizontal surface and between approaching parallel plates. 


When a small quantity of liquid, say 1 ml., is carefully pipetted on a 
clean and dust-free horizontal flat surface, it spreads relatively rapidly at 
first and then settles down to a state of slow movement. It is possible to 
make suitable measurements of the dimensions of the pool from time to 
time and so to follow the rate of spread. 

These observations of the rate of radial spread of liquid pools, especially, 
for example, with lubricating oils for clocks, where it is important to know 
whether the lubricant will remain in or creep away from the pivots, are 
useful for comparing the flow behaviors of oils over and between surfaces of 
different kinds. Although the rates of spread of a pool in its various stages 


* A paper read at the Annual Conference of the British Society of Rheology, 
Washington Singer Labs., Exeter, September, 1951. 
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Fria. 1. Changes with log ¢ (sec.) for a pool of clock oil, 0.2 ml. on glass. (a) Dimen- 
sions of pool: (1) pool thickness, (2) log radius, (3) periphery, (4) area. (b) Rate of 
radial spread: (1) em. 107/sec., (2) em. 10~4/sec., (3) em. 10~8/sec. 


are highly specific to the kind of surface and its state of cleanliness, rough- 
ness, etc., it is possible to compare the rates of movement for different 
liquids under corresponding surface conditions. 

From observations of the area of the pool after different intervals of time 
it is possible to prepare graphs relating time with film thickness, average 
radius of the pool, etc., and from these to obtain derived graphs relating 
film thickness or time and rate of radial spread. 

In Figure la are shown, for example, the area, log radius, thickness, and 
periphery of a pool of 0.2 ml. of a proprietary clock oil on glass over a period 
of several weeks and in Fig. 1b, the rate of radial movement. From these 
results Fig. 2a was prepared relating the force acting in dynes with the rate 
of radial movement; the force was calculated from the thickness and den- 
sity of the pool. It might appear surprising that with an oil of Newtonian 
flow rectilinear lines passing through the origin are not obtained. That this 
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Fig. 2. Effect of force acting for a clock oil of 56 centistokes viscosity. (a) Rate of 


radial spread: (1) em. 10-7/sec., (2) em. 10-5/sec., (3) em. 10-3/sec. (b) Flow in a capil- 
lary of 0.1 em. diameter. 


RADIAL SPREAD OF LIQUID POOLS 230 


behavior is general is demonstrated in Fig. 2b, where the rate of flow was 
measured for a length 2 cm. of the oil in a capillary of 0.1-cm. diameter, at 
various inclinations. 

With the clock oil the movement of the pool practically ceased when the 
force decreased to about 0.1 dyne; if a Jamin resistance at the periphery 
of the pool, or of the menisci in the case of the capillary, is considered, the 
pool will cease to spread or the liquid to flow in the capillary when the force 
acting diminishes to that of the resistance. For mercury on glass or water 
on wax with high average Jamin resistances of about 150 and 25 dynes per 
centimeter, respectively, the pool quickly reaches equilibrium, the radius 
of the pool being in both cases about 1 cm. for a volume of 1 ml. On the 
other hand, with silicone fluid with a Jamin resistance of less than 0.05 
dyne per centimeter the spreading of a pool can be followed over a mperd 
of weeks. 

Dynamics of Flow 

(a) On a Horizontal Flat Surface. Apart from surface tension effects the 
force at any time tending to enlarge the pool is a function of the film thick- 
ness and density of the liquid and the rate is inversely proportional to the 
viscosity. In Table I is given a selection of results obtained for the spread- 
ing of 1 ml. of silicone fluids of different viscosities on a polished aluminum 
plate. 

The graphs relating values for log r and log ¢ given in Table I are nearly 
linear, apart from the initial and later stages of spreading, and as a first 
approximation the maximum linear slope of the graphs can be represented 
by the genera] equation 


log r = K(log c + log ¢ — log n) 
where c is a constant, ¢ the time in seconds, and 7 the viscosity; or 
r= \/ c t/n. [1] 


From Equation [1] by differentiation the rate of radial spread dr/dt = 
c/5nr‘, and since 1 ml. of liquid was used, r? = 1/zh, and the rate of spread 
is proportional to h?/n, where h is pool height. 


TABLE I 
The Rate of Spreading of Pools of Silicone Fluid on Polished Aluminum, 1 ml. at 20°C. 


Log 7, radius of pool in cm, 
Viscosity in centistokes 


Log ¢ (sec.) 20 50 100 1000 4000 30,000 
1.5 0.38 0.36 == 0.05 = — 
2 0.46 0.43 0.35 0.15 0.06 1.98 
3 0.63 0.6 0.54 0.36 0.27 0.18 
4 0.81 0.78 = 0.54 0.47 0.38 
5 = == oes == 0.6 0.52 
6 == = = a = 0.6 
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Fic. 3. The relation between rate of radial spread and pool thickness: (a) on alu- 
minum; (b) on aluminum alloy: (1) iso-octane, (2) » hexyl alcohol, (3) n hexyl alco- 
hol-amyl phthalate (50/50), (4) liquid paraffin (British Pharmacopoeia), (5) n octyl 
alcohol, (6) diamyl phthalate, (7) methyl alcohol, (8) ethyl alcohol, (9) n propyl 
alcohol, (10) m butyl alcohol, (11) iso butyl alcohol, (12) n amyl alcohol, (13) n hexyl 
alcohol, (14) benzyl alcohol. 


Usually liquids tend to stop spreading or to creep slowly when the thick- 
ness of the film reaches a limiting value h;; thus for the general case for 
silicones the rate of spreading is proportional to (h? — h?,)/n. If rz is the 
radius of the pool corresponding to the limiting height h;, then, apart from 
the initial and later stages of spreading, the time taken to spread from radius 
Ro to radius R; is 

Pa the da r d 
t= cr nr iL ee Ps 

In Figure 3 is shown a collection of results obtained for a variety of pure 
liquids spreading over metal surfaces, cleaned with a whiting-water paste, 
rinsed with hot distilled water, and polished with a degreased cotton lint. 
With most of the liquids examined the relation between rate of radial flow 
and pool thickness or the square of the pool thickness is expressed by a 
curvilinear graph which tends to cut the axis for values of h or h? some dis- 
tance from the origin. The graphs for amyl and n octyl alcohol intersect, 
and for a mixture of equal volumes of n hexyl alcohol and amy] phthalate 
the flow behavior resembles far more that for the alcohol than for the ester. 
At the lower rates of flow the viscosities of the liquids obtained from the 
inverse of the slope of the graphs are usually different from the bulk vis- 
cosities and are different for different surfaces, as indicated by the graphs 
for n hexyl alcohol. 

(b) Between Approaching Parallel Flat Surfaces. With the use of a known 
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volume of liquid and a glass flat as one of the surfaces, the average distance 
between the plates can be calculated from the area of the pool at any time. 
Apart from surface tension effects the distance between the plates at any 
time is according to the approximate equation 


dé = ctf! (2] 


where c = 3n-V?/8r, t is time, f the force acting, V the volume of liquid, 
and 7 the viscosity. 

It has been found that the radial spread is not in accord with this ap- 
proximate equation but has several curious features apparently associated 
with film rupture when the thickness of the film approaches 20 microns. 
The results are specific to the liquid and kind of surface (2). 

In Figure 4 are given some results obtained for radial movement between 
glass and other surfaces for mineral oils and silicone fluid under different 
conditions. The relation between the logarithm of the radius of the pool 
and log ¢ is usually curvilinear instead of being rectilinear, as would be 
expected from the relevant equation 


r> = cft, [3] 
where ¢ = 8V?/3n7°. 


LOG RADIUS OF POOL 


LOG T (SEC) 
Fic. 4. The radial movement of 0.1 ml. of liquid between approaching parallel 
surfaces. 


@ glass/glass 

O glass/brass 

A glass/steel 
(a) (1) Liquid paraffin (British Pharmacopoeia), load 12 kg., (2) liquid paraffin 
(B. P.), load 1 kg., (3) mineral lubricating oil, load 1 kg. (6) (4) White mineral oil, 
4oad 0.5 kg., (5) silicone fluid (50 centistokes), load 1 kg., (6) 0.05 ml. of silicone fluid 
(100 centistokes), load 10 g. - 
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It will be seen that the mineral oils tend to spread more on the glass, 
whereas the silicone fluid spreads less on the glass than on the metals. It 
will also be seen that the mineral oils tend to give thicker films than the 
silicone fluid. These differences appear to be associated with surface wetting 
and rupture effects. 


The Specific Nature of the Spread of Liquids 


The movement of liquids over and between solid surfaces under small 
forces is complex and little understood, and there appears to be no simple 
or complete theory. One of us, E. W. J. Mardles (1), has shown that the 
rate of radial spread of several alcohols over a polished brass surface is 
quite different for that over aluminum, the rate of methyl alcohol being 
highest over aluminum but lowest over brass. 

It has been observed that some liquid pools tend to wander from their 
original site or sometimes contract after a period of spreading. Bulkley 
and Snyder (2) using compounded oils found that the film adsorbed on the 
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Fia. 5a. The variation with composition of the size of liquid pools of binary mix- 


tures of liquid paraffin (British Pharmacopoeia) with: (1) oleic acid on glass, (2) 
anisole on steel, (3) anisole on brass, (4) cyclohexanone on steel, (5) cyclohexanone 
on brass. 

Fia. 5b. The divergence of pool diameter from that given by a simple mixture law 
for n octyl alcohol and 2-diethyl hexyl sebacate: (6) on glass, (7) on steel. 
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solid surface tended to make the pool unstable so that it contracted into 
drops. 

Similarly, Bigelow, Pickett, and Zisman (3) have shown that long-chain 
polar compounds with time are adsorbed from solution on solid surfaces to 
form oleophobic monolayers over which the solution will not spread. Woog 
(4) considered that in a clock oil an active constituent is necessary so that 
its molecules may adhere and form a barrier (epilame) preventing the satu- 
rated components of the oil from spreading and disappearing from between 
the bearing surfaces. Hardy (5) concluded that condensation of vapor on 
the surface adjacent to the liquid was a prelude to its spreading, and 
Goodeve (6) has described Admiralty researches on the creep of oils based 
on the view that oils which tend to dissolve a contaminating grease film 
spread whereas those which do not possess this capacity have a high con- 
tact angle and remain stationary. 


The Spreading Behavior of Mixed Liquids 


The spreading behavior of a mixture of liquids is usually quite different 
from that of the constituents; for example, with a binary mixture the graph 
relating the size of the pool, say for 0.5 ml. after a thousand seconds, with 
the composition often has an interesting shape sometimes with maxima 
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Fic. 6. The spread of binary mixtures of liquids and correlation with the adhe- 
sion strength after solidification. (a) Mixtures of cetane and stearic acid: (1) the 
spread on brass, (2) the spread on aluminum, (3) the adhesion (tensile) strength. 
(b) Mixtures of beeswax and cetyl alcohol: (4) the spread on brass, (5) the adhesion 


(tensile) strength. 
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and minima. Examples of such graphs are given in Fig. 5. The variation in 
the pool size appears to be associated with changes in surface activity due 
to molecular disaggregation. With the increased surface activity there is 
a corresponding decrease in the coefficient of friction (7), and an increase 
in the dispersive power for finely divided solids (8). With increased spread- 
ing there is also an interesting correlation with increased adhesion. When 
a small flat disc is allowed to sink into a pool of wax which subsequently 
solidifies, a measure of the adhesion of the wax can be found by observing 
the force required to detach the disc. In Fig. 6 are shown some results 
correlating the size of the pool and the adhesion strength of the joint under 
normal pull, for binary mixtures of cetane and stearic acid and of beeswax 
and cetyl alcohol. 

We have already reported (9) that there is a correlation between the 
contact angles and area of spread of ethyl alcohol-chloroform and ethyl 
alcohol-water mixtures on a sodium stearate surface while the increases 
in spread coincide with swelling and solubility increases of the sodium 
stearate in the mixtures. 


The Effect of Temperature on the Spreading Rate 


Some tests were carried out with mineral oils at a variety of tempera- 
tures. The decrease of spread consequent on temperature reduction was not 
large despite the fact that a large increase in viscosity occurred.and over a 
period of several days the amount of creep was greater than at room tem- 
perature. This is presumably due to the presence of an invisible ice film, 
although the tests were made in a desiccator. Some results are shown in 
Rigt 7. 
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Fic. 7. The effect of temperature on the rate of spread of oils. (a) Light mineral 
oil (D.T.D. 44D) on glass and aluminum. (6) (1) Light mineral oil (D.T.D. 44D) 


on spb (2) engine oil on aluminum, (3) liquid paraffin (British Pharmacopoeia) on 
steel. 
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Fia.8. The effect of surface finish on rate of spread. (a) Light mineral oil on glass: 
(1) with trace of oil on surface, (2) washed with benzene, (3) polished in water with 
whiting, (4) washed in soapy water and rinsed. (6) Liquid paraffin (British Pharma- 
copoeia) on glass and on aluminum: on glass (1) grit-blasted, (2) frosted, (3) polished; 
on aluminum (4) 300 emery paper, (5) 500 emery paper, (6) polished. (c) Pennsyl- 
vania oil (sp. gr. 0.865) on brass: (1) 500 emery paper, (2) polished; and clock oil 
(synthetic ester base) on brass: (3) 500 emery paper, (4) polished. (d) Silicone fluid 
(100 centistokes) on steel: (1) coarse emery, (2) 500 emery, (3) polished, and diamyl 
pthalate on aluminum, (4) 500 emery, (5) 300 emery, (6) polished. 


The Effect of Surface Finish on the Rate of Spread 


Unless otherwise stated the experiments recorded were made with sur- 
faces cleaned with a whiting paste and water followed by water rinse and 
polishing with a cotton lint. Different results were obtained when hot soapy 
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water was used or when the surfaces were washed with redistilled organic 
solvents. Some results illustrating these effects are given in Fig. 8; included 
are some results with roughened surfaces. It will be seen from the graphs 
that some liquids are more sensitive to roughness than others as regards 
their rate of spreading; the silicone fluid spread practically the same rate 
on rough steel as on the polished, whereas a Pennsylvanian oil after one 
hour’s spreading had formed a pool on roughened brass seventeen times the 
area of that on polished brass. 
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ABSTRACT 


Solutions of hyamine 1622 (di-isobutyl phenoxy ethoxy ethyl dimethyl benzyl 
ammonium chloride) at concentrations above the critical micelle concentration have 
been studied as a function of NaCl concentration and temperature. At a given tem- 
perature there is a critical NaCl concentration above which the system separates 
_ into two layers; the top layer is practically free of the quaternary ammonium salt 

and the bottom layer shows the characteristics of an oil. The volume of the bottom 
layer decreases with increasing NaCl concentration. Before the onset of the two- 
phase separation, the turbidity and the dissymmetry of light scattering increases 
with increasing NaCl concentration. Small temperature changes produce a marked 
change in the stability of the bottom layer. In the immediate neighborhood of the 
critical temperature the system exhibits a marked opalescence. 

The experimental results can be explained in terms of current concepts of critical 
solution phenomena where NaCl alters the interactions between the micelles of the 
quaternary ammonium salt. The details of the interactions are given qualitatively 
by the theory of Verwey and Overbeek. 


INTRODUCTION 


Aggregation of soap molecules in aqueous media has been intensively 
investigated by a large variety of physical chemical methods. These ef- 
forts have, in the main, been concerned with critical micelle formation. 
In this region of critical micelle concentration there is considerable evi- 
dence to indicate that the size and shape of the micelle is independent of 
soap concentration and temperature. In fact, Vetter (1) suggests a second 
critical micelle concentration which delimits this region of constant size 
and shape. However, added electrolyte has a profound effect upon soap 
systems, even in the critical micelle concentration range. In addition to 
lowering the critical micelle concentration (2) light-scattering studies of 
Debye (3) of long-chain cationic soaps show that the molecular weight of 
the micellar aggregate increases with increasing KBr concentration. 

X-ray studies (4, 5) indicate that for higher soap concentrations (gen- 
erally greater than 6%), there occurs an increase in micelle size and a 
transformation of shape to a laminar or cylindrically shaped aggregate. 
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There has been: a considerable amount of dispute (6) as to the possible 
equilibrium coexistence of spherical and laminar shaped micelles at higher 
soap concentrations. 

The work to be reported in this paper is concerned, primarily, with inter- 
actions of micelles of like charge. For many soap systems, over a concen- 
tration range above the critical micelle concentration, a macroscopic two- 
phase system may be produced by the addition of a sufficient amount of 
electrolyte, such as NaCl, to the system. Two-phase systems of this type, 
composed of aggregates of anionic soaps, 7.e., alkali oleates, stearates, and 
palmitates, have been investigated by Bungenberg de Jong and associates 
(7). These systems have been classified by these workers as one of several 
forms of coacervation. 

The qualitative mechanism of coacervation proposed by Bungenberg 
de Jong and co-workers involves a reduction of the electrostatic repulsion 
between micelles by the addition of electrolyte, accompanied by a partial 
desolvation of the micellar aggregate. Booij (7) suggests a mechanism for 
two-phase formation that involves rather special physical arguments. He 
proposes that the following micellar transformations will account for two- 
phase formation. In the region of critical micelle concentration the micelle 
is the Hartley sphere (8). With increasing soap concentration the spheres 
flatten out. The argument for this flattening out is related to decreased 
dissociation of the polar groups of the micelle and the necessity to accom- 
modate an increasing number of polar heads on the periphery of the micelle. 
Added electrolyte, such as NaCl, further reduces dissociation, hence re- 
ducing the electrostatic repulsion of the polar heads of the associated soap 
molecules. This effect favors further growth of the flattened or platelike 
structure. This platelike structure promotes a loose intermicellar associa- 
tion due to van der Waals’ attraction. With higher NaCl concentrations, 
relatively large micelle surface regions will be undissociated, and these 
undissociated spots form places where the micelles may be attached to 
each other. At still higher electrolyte concentrations, the number of points 
of attachment increases, and finally, the system contracts, no longer oc- 
cupying the total volume of available liquid. 

The very special arguments developed by the Bungenberg de Jong group 
involve the concept of a nonuniform charge density on the micelle periphery. 
In particular their thesis that solvation plays a decisive role in long-range 
interactions is untenable (9). 

What we have attempted to do is to study macroscopic phase transition 
for one micellar system as a function of NaCl concentration and tempera- 
ture. We propose to explain the data obtained in this study in terms of a 
single unifying physical mechanism, one that is readily applicable to all 
colloidal phenomena, 7.e., coagulation, peptization, gelation, thixotropy, 
etc. In particular we utilize the concept of the attraction of the micelles 
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to each other by London-van der Waals’ forces, balanced by the inter- 
micellar repulsion due to their ionic double layers. 

Theories for such interaction forces have been described for idealized 
models (10, 11, 12) and have been developed further in recent years by 
Verwey and Overbeek (13). 


EXPERIMENTAL 
Materials 


Hyamine 1622 (di-isobutyl phenoxy ethoxy ethyl dimethyl benzyl am- 
monium chloride monohydrate) is a pure crystalline quaternary ammonium 
salt monohydrate. 


CHa yf CH; CH; 
| | | 
C—C—CH—C—€ > —OcH.CHLOCHCH.—S—oH > cl | H.0 
| 
Cite CH, CH; 


This substance, as obtained from Rohm and Haas, contains 1.5% H.O as 
the only appreciable impurity. 

The NaCl used in this study is Mallinckrodt C.P. grade. All solutions 
used, including the distilled H,O, were filtered through a Bush, positive- 
pressure, ultrafine filter. A single pass through this filter was sufficient to 
insure dust-free solutions, sufficiently clarified for reproducible light- 
scattering measurements. 

Analyses of hyamine and NaCl concentrations of the two-phase systems 
were made gravimetrically. Weighed aliquots of the two phases were evapo- 
rated in tared porcelain crucibles, with a final drying in a vacuum oven at 
55° C. for six hours. Total solids were determined in this manner. The 
crucibles were then ignited to 800° C. with a final 10 minutes ignition at 
950° C. The residue was weighed as NaCl. A preliminary ignition of hy- 
amine at 800° C. showed a negligible inorganic residue, well within the 
experimental error of these gravimetric determinations. An analysis of a 
set of synthetic systems of this sort, as shown in Table I, indicates a rela- 
tive accuracy of these determinations of approximately 0.5%. 


Apparatus 


The relative volumes of the two phases were measured in glass-stoppered 
10-ml. graduated cylinders which could be conveniently placed into a 
thermostat rack. These cylinders were equilibrated for 48 hours in the 
thermostat with thorough shaking after 24 hours. The thermostat was 
maintained at constant temperature to +0.2° C. 

Light-scattering measurements were made with an Aminco high-sen- 
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TABLE I 
Gravimetric Analyses of Hyamine—NaCl Mixtures 
Weight of Hyamine Weight of NaCl 
Ne. Known Determined % Sci Known Determined To 1 Saeeet SF 
I 1.4687 g. 1.4670 g. 0.12 1.1804 g. 1.1776 0.24 
2 0.9711 0.9761 0.51 1.3041 1.2966 0.58 
3 1.6680 1.6639 0.30 0.7040 0.7015 0.35 


sitivity photometer (14). The cells were matched cylindrical vials, 2.2 cm. 
in diameter and 6.0 em. high, fitted with polythene stoppers. 

One hundred milliliter, dust-free solutions of constant soap concentra- 
tien and variable NaCl concentration were made up. Fifteen milliliter 
aliquots were placed in the cylindrical vials and the polythene stoppers 
were sealed to the vials with a high melting point wax. These sealed cells . 
were equilibrated in a thermostat for 48 hours, with thorough shaking after 
24 hours. During the light-scattering measurements, the solvent in the 
cylindrical cell holder was maintained at the thermostat temperature by 
cireulating the thermostat liquid through a copper coil (painted black to 
minimize light reflections) surrounding the sealed cell containing the soap 
solution. This coil was so arranged that light intensity measurements could 
be made at angles from 0° (the transmitted beam) to 150° (Fig. 1). 

Experiments of the following nature were performed. For the systems in 
which two phases are formed, the relative volumes of the phases as a func- 
tion of NaCl concentration and temperature were measured. The soap 
and NaCl concentration of the phases was determined. Light-scattering 
measurements, intensity of scattering at an angle of 90°, and dissymmetry 
measurements were made on the homogeneous system in the range of 
NaCl concentration corresponding to the onset of two-phase formation. 
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Fre. 1. Constant-temperature light-scattering cell. 
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TABLE II 


Separation of 3.11% Hyamine Solution (0.070 M) into Two Phases with 
Addition of NaCl at 24.0°C. 


Hyamine conc. Hyamine conc. NaCl conc. NaCl conc. 

Gross NaCl Conc. top layer bottom layer top layer bottom layer 

0.296 M 3.11% 3.11% 0.296 M 0.296 M 
0.306 0.28 5.33 0.329 0.300 
0.318 0.19 8.00 0.349 0.296 
0.352 0.07 15.89 0.399 0.297 


After the two phases formed, light-scattering measurements were made on 
the soap-rich bottom layer. 


Results 


Aqueous hyamine-NaCl solutions equilibrated for 48 hours, at a fixed 
temperature, separate into two phases above a certain NaCl concentration. 
The quaternary ammonium soap is concentrated in the bottom layer. The 
ratio of the concentration (by weight) of the soap in the bottom layer to 
the concentration of the soap in the top layer increases with increasing 
NaCl concentration. For example; a 3.11% soap solution, at 24.0° C., is 
homogeneous for an NaCl concentration of 0.80 M; for an over-all NaCl 
concentration of 0.32 M, the system is a two-phase system, the bottom 
layer occupying 27.5% of the total solution volume, and the ratio of soap 
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Weight % top layer 
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Fra. 2. Ratio of weight % hyamine in the bottom layer to weight % hyamine in 
top layer vs. NaCl concentration. Initial hyamine concentration 3.11%. 
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concentrations of the bottom layer to the top layer being 40:1; for an over- 
all NaCl concentration of 0.37 M this ratio is. 237:1. The soap concentra- 
tion of the bottom layer, in the latter case, is 15.9% by weight, and this 
layer occupies 19.0% of the total solution volume (Table II and Fig. 2). 
The formation of a two-phase system, for a fixed NaCl concentration, is 
strongly dependent upon temperature. A 3.65% soap solution is homo- 
geneous, for an NaCl concentration of 0.283 M, at 24.8° C. At a lower 
temperature of 19.7° C. this system will be a two-phase system with the 
bottom layer occupying 78.0% of the available solution volume (Fig. 3). 
Because of the extreme slowness of the formation of two phases in the 
critical region, it was difficult to determine precisely the critical tempera- 
ture for two-phase formation for this NaCl concentration. For a fixed higher 
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0.225 0.270 0.315 0.360 0.405 0.450 


NaCl concentration (Molar) 
Fie: 3. Ratio of volume of soap-rich bottom layer to total volume X100 vs. NaCl 
concentration at constant temperature. 
i (a) T = 19.7°C.; (6) T = 24850 (C)M = 282°C: 
Initial hyamine concentration 4.15%. 
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NaCl concentration, however, the two phases form rapidly, and as seen 
in Fig. 3, the volume of the bottom phase increases markedly with increase 
in temperature. 

At a fixed temperature onset of two-phase formation does not occur until 
the NaCl concentration exceeds a critical value. Thus (Fig. 3) for a fixed 
temperature of 24.8° C., this critical NaCl concentration lies between 
0.270 M and 0.279 M. At this latter NaCl concentration the bottom layer 
occupies 90.8% of the available solution volume. 

The onset of two-phase formation is characterized by a critical opalescence 
which extends through the entire system. Under examination in a phase- 
contrast microscope (Zeiss at 420 times magnification) systems exhibiting 
this opalescence appear to consist of spherical droplets of the order of 2 u 
in diameter. These droplets coalesce to form larger droplets, which impart 
a grainy appearance to the solution and sediment slowly to form a homo- 
geneous bottom phase. 

For a soap system of constant soap concentration and at a fixed tempera- 
ture, light-scattering measurements show an increase in scattering intensity. 
at a 90° angle, with increasing NaCl concentration. This is indicated by the 
solid curves of Fig. 4. At higher NaCl concentrations, above the critical 
NaCl concentration, where the system exists as a two-phase system, the 


Relative intensity 
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0.300 0.340 0.380 0.420, 0.460 0.500 


NaCl concentration (Molar) 


Fic. 4. Relative intensity of light scattering for \ = 546y at an angle of 90° vs. 
NaCl concentration at constant temperature. 
(a) T = 28.0°C.; (b) T = 28.8°C. 
Homogeneous system—solid line. 
Two-phase system (bottom layer)—dotted line. 
Initial hyamine concentration 3.65%. 
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Relative intensity 


25 30 35 


Temperature, “C. 
Fig. 5. Relative intensity of light scattering for \ = 546y at an angle of 90° vs. 
temperature at constant NaCl concentration. 
(a) NaCl = 0.318 M; (6) NaCl = 0.330 M. 
Homogeneous system—solid line. 
Two-phase system (bottom layer)—dotted line. 
Initial hyamine concentration 3.65%. 
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0.280 0.320 0.360 0.400 0.440 0.480 
NaCl concentration (Molar) 
Fic. 6. Dissymmetry of scattering Iss/Jis; for \ = 546u vs. NaCl concentration at 
constant temperature. 
(a) T = 28.0°C.; (6) T = 28.8°C. 

Homogeneous system—solid line. 
Two-phase system (bottom layer)—dotted line. 
Initial hyamine concentration 3.65%. 
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I4se/1135: 


25 30 35 


Temperature, °C. 
Fic. 7. Dissymmetry of scattering I45/Ji35 for \ = 546u vs. temperature at constant 
NaCl concentration. 
(a) NaCl = 0.318 M; (6b) NaCl = 0.330 M. 
Homogeneous system—solid line. 
Two-phase system (bottom layer)—dotted line. 
Initial hyamine concentration 3.65%. 


intensity of right-angle light scattering for the soap-rich layer decreases, 
as shown by the dotted curves of Fig. 4. Here a maximum in light scattering, 
for an equilibrated system, corresponds to the onset of two-phase formation. 

Figure 5 shows the scattering changes for solutions of fixed NaCl con- 
centration as a function of temperature. As the temperature of the homo- 
geneous solution is lowered (solid line of Fig. 5), the scattering increases 
until it reaches a maximum at the onset of two-phase formation. With a 
further decrease in temperature the scattering decreases sharply (dotted 
line of Fig. 5). 

The dissymmetry of scattering shows a qualitatively similar behavior, 
in that a maximum appears at the onset of two-phase formation, as seen 
in Figs. 6 and 7. 

Discussion 

The system considered in the present paper differs qualitatively from the 
anionic soap systems investigated by Bungenberg de Jong et al. (7) in that: 

1. The soap-rich layer, in our case, settled to the bottom of the vessel, 


while theirs rise to the top. 
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2. Lowering of the temperature, in our case, enhances two-phase forma- 
tion, whereas in their system the effect was in the opposite direction. 
We did find, however, in agreement with their results, that increasing elec- 
trolyte concentration favored both two-phase formation and the contrac- 
tion of the soap-rich layer. It is important to note that the range of con- 
centration of NaCl necessary for two-phase formation, with our cationic 
soap, was nearly one-tenth the amount of 1:1 electrolyte necessary for two- 
phase formation for the anionic soaps studied by Bungenberg de Jong and 
associates (7). 

Since the concentration of the quaternary ammonium salt in this study 
was well above the critical micelle concentration, the particles whose inter- 
actions we are concerned with are the soap micelles. Addition of NaCl to a 
homogeneous system of such micelles will exert a dual effect. Firstly, the 
thickness of the ionic atmosphere surrounding the particles will be de- 
creased according to the Debye-Hiickel expression (for a 1:1 electrolyte in 
water at 25° C.): 

1. Som i 

K ve” 
where c is the NaCl concentration and a second factor is the growth of the 
micelle under the influence of added electrolyte to a homogeneous system 
(cf. Ref. 3). The dissymmetry light-scattering data (Fig. 6) seems to indi- 
cate that a rather striking aggregate growth takes place in the region of 
NaCl concentration corresponding to the onset of two-phase formation. 
Dissymmetry can most simply be interpreted if the system is sufficiently 
dilute, 2.e., where the interparticle interference disappears. A more detailed 
study of the light-scattering properties of these systems is now in progress 
and a mathematical analysis of the light scattering of nonideal systems of 
sphere is available (15). 

Both factors, mentioned above, enhance aggregation of the micellar 
particles. Increasing the NaCl concentration decreases the ionic double 
layer repulsion, and increasing the size of the micelles increases the London- 
van der Waals’ attraction of the particles (11). Hence the formation of very 
large aggregates of the particles will set in over a narrow range of NaCl 
concentration. Aggregates will strongly attract other aggregates by the 
enhanced London-van der Waals’ forces, and groups of aggregates will at- 
tract other groups more strongly. This behavior is analogous to the con- 
densation of a gas at its critical point, and in a manner quite similar to gas 
condensation, these soap systems exhibit critical opalescence. 

Large groupings of the particles will settle to the bottom of the vessel. 
Once the soap-rich layer has formed, further addition of electrolyte will 
decrease the double layer thickness and permit the micelles to approach 
each other more closely. The effective radii of the micelles is given by 
(r + 1/x), and hence the volume of the soap-rich layer, which is propor- 
tional to the third power of this effective radius, will depend strongly on 
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NaCl concentration. More explicitly, the volume of this bottom layer will 
be proportional to 
B D 

ey aaa 
where A, B, D are constants and ¢ is the concentration of NaCl. The 
curves of Fig. 3 seem to bear out this contention. Table II shows that 
for two-phase systems the NaCl concentration in the bottom layer is slightly 
less than that of the top layer, this difference increasing with increasing 
soap concentration in the bottom layer. As can be seen from the data, this 
difference in NaCl concentration in the two layers can be accounted for in 
terms of displacement of solvent by the soap, and no recourse to Donnan 
equilibrium need be made. 

For a fixed NaCl concentration, a variation in temperature will have an 
enormous effect upon the interactions between the particles. For example, 
when the repulsive forces are weak the potential of force is proportional to 
e-*? (ref. 6, p. 95), where d is the distance between particles. If we neglect 
the change in dielectric constant of the medium, since our temperature in- 
tervals are small, « may be considered to be inversely proportional to the 
square root of the absolute temperature, and the repulsive forces will de- 
crease sharply with a decrease in temperature. Hence we see that a decrease 
in temperature is equivalent to an increase in salt concentration. This is 
borne out by a comparison of Figs. 4 and 6 with Figs. 5 and 7. The same 
arguments are also applicable to explain the contraction of the soap-rich 
_ layer due to lowering of the temperature, which is equivalent to an increase 
in NaCl concentration. 

REFERENCES 
. VerTer, R. J., J. Phys. & Colloid Chem. 61, 262 (1947). 
. Corrin, M. L., anp Hawkins, W. D., J. Am. Chem. Soc. 69, 683 (1947). 
. Despre, P., Ann. N. Y. Acad. Sci. 61 (Art 4), 357. 
. Harkins, W. D., J. Chem. Phys. 16, 156 (1948). 
. Hess, K., anp GUNDERMAN, J., Ber. 70, 1800 (1937). 
Hess, K., Kiessic, H., anp Puitipporr, W., Naturwiss. 26, 184 (1938); ibid. 27, 
593 (19389); Kollotd-Z. 88, 40 (1939). 
6. For review see: McBatn, J. W., ‘“‘Colloid Science,”’ pp. 255-267. D. C. Heath and 
Co., Boston, 1950. 
7. For review see: Booms, H. L., in ‘‘Colloid Science” (H. R. Kruyt, ed.), Vol. IT, 
pp. 701-718. Elsevier Publishing Co., Amsterdam, 1949. 
8. Harriey, G. §., ‘Aqueous Solutions of Paraffin-chain Salts.’’ Hermann et Cie., 
Paris, 1936. 
9. Oster, G., J. Gen. Physiol. 33, 445 (1950). 
10. Kauman, H., anp Wrutsrarrer, M., Naturwiss. 20, 952 (1932). 
11. Lanemurr, I., J. Chem. Phys. 6, 873 (1938). 
12. Dersacuin, B., Acta Physiochim. U. R. S. S. 10, 333 (1939). 
13. Verwey, E. J. W., anv OverBEEK, J. T. G., “Theory of the Stability of Lyo- 
phobic Colloids.’’ Elsevier Publishing Co., Amsterdam, 1948. 
14. Osrer, G., Anal. Chem. 25, 1165 (1953). 
15. Oster, G., AND Rivey, D. P., Acta Cryst. 5, 1 (1952). 


ork WON He 


A THEORY OF CRITICAL MICELLE CONCENTRATION OF 
COLLOIDAL ELECTROLYTE SOLUTIONS 


Yuzuru Ooshika 


Kobayasi Institute of Physical Research, Kokubunji, Tokyo, Japan 
Received August 13, 1953; revised January 22, 1954 


ABSTRACT 


A theory of the critical micelle concentration of colloidal electrolyte solutions and 
the effect of added alcohols is developed by using a lamellar model. The logarithm of 
the critical micelle concentration is approximately a linear function of the number of 
carbon atoms of the hydrocarbon chain, and the constants involved are of reasonable 
values. Debye’s theory is shown to be incorrect. Since added alcohol molecules form 
a kind of mixed micelle, it is concluded that the logarithm of the ratio of the decrease 
of the critical micelle concentration by the addition of alcohol to the concentration 
of alcohol is a linear function of the number of carbon atoms of the alcohol chain. 
The agreement of the theory with experiment is quite satisfactory. 


INTRODUCTION 


The solutions of colloidal electrolytes, e.g., soaps and reverse soaps, 
change their properties abruptly at a certain concentration. The osmotic 
pressure and the electrical conductivity become much lower than the values 
predicted by the theory of Debye-Hiickel, and the viscosity and the tur- 
bidity are increased. At present, these phenomena are considered as due to 
the formation of thermodynamically stable and reversible colloidal particles, 
and this idea is supported by many investigators. 

The shape and size of these particles, which are called ‘“micelles,’’ have 
not been uniquely determined. Hartley and his collaborators (1) have 
proposed a model called the spherical micelle; McBain (1) thought that 
there are two kinds of micelles, one a large lamellar micelle and the other a 
small spherical micelle; and Harkins and co-workers (2) have explained the 
X-ray diffraction patterns of soap solutions by his cylindrical micelle. 
These models are not fundamentally different from each other in the au- 
thor’s opinion, and hence it seems appropriate to adopt a view that several 
dozens of molecules aggregate into a micelle, directing their polar heads to 
water and arranging their long hydrocarbon tails side by side, that is, this 
model is cylinder-like in character. Recently, Debye and Anacker (3) said 
that the micelle particles should be regarded as rodlike, their constituent 
molecules being arranged perpendicular to the rod-axis, when the concen- 
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trations of added electrolytes are large. Since we are interested, in this paper, 
in the critical micelle concentration when the added electrolyte concentra- 
tion is negligible, we will not consider this rodlike micelle. 

On the other hand, as the soap concentration increases far above the 
critical micelle concentration, there appears in the X-ray diffraction pattern 
a maximum showing a long spacing, this being considered to be due to a 
certain interaction between the micelle particles, 7.e., an existence of very 
large aggregates like those proposed by McBain (1) and Philippoff (4). 
Because this pattern does not appear in the neighborhood of the critical 
concentration, this long-range interaction may be neglected, so far as the 
critical micelle concentration is concerned. 

In the equilibrium state, there must be aggregates of various sizes and 
shapes, and the distribution of them is to be determined by statistical me- 
chanics. But, if the size (aggregation number) of a micelle is several dozens, 
the mixing entropy of the micelle particles in the solution is negligible 
compared with that of monomers, and the critical micelle concentration 
may be regarded as the point where a kind of phase change occurs. There- 
fore the critical micelle concentration is not appreciably affected by the 
distribution of the micelle sizes. Meyer and Van der Wijk (5) have dis- 
cussed this point in more detail, though such a treatment is not applicable 
if the ratio of long-chain ions and gegenions is not unity (6). 

If the critical micelle concentration is the one at which a phase change 
occurs, why do not the aggregates become infinitely large? Debye (7) has 
suggested that the reason ties in the counterbalance of the van der Waals 
attractive energy of the hydrocarbon tails and the coulomb repulsive energy 
of the polar heads. But, in ordinary phase changes, it is due to the surface 
energy and not due to the additive van der Waals energy that the phase 
which has a low free energy tends to grow infinitely. Hence it is clear that 
we must add to the free energy the surface energy between the micelle 
particle and the water. Then the size should be determined by the counter- 
balance of the surface energy and the coulomb repulsive energy. The 
thermal energy of molecules and aggregates and the effect of the ionic 
atmosphere do not change the situation essentially, though the latter is 
important when we take account of the effect of added electrolytes, which 
will be discussed in detail in later papers. 


Tueory OF CriticAL MICELLE CONCENTRATION 


Suppose that a micelle particle consists of n soap molecules in equilibrium 
with the solution. As previously described, we assume that we may consider 
the total system as divided into two phases, one the solution and the other 
the micelle phase. The coulomb repulsive energy of a micelle is proportional 
to n’?, when the charges are distributed on a plane with a constant surface 
density. The van der Waals attractive energy is proportional to n, because 


e 
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this attraction is of short-range character. The surface energy is propor- 
tional to n} as a first approximation, since in our model the area of the lateral 
surface is proportional to the square root of the volume and hence of the 
number of constituent molecules. As described in the introductory chapter, 
the effect of the ionic atmosphere causes no appreciable differences when 
added electrolytes are absent. The energy per micelle, z.e., per n molecules, 
is, therefore, expressed as follows: 
w= nw. — Nm + nw, [1] 

where w., Wm , and w, are constants, determined by particular soaps. 

Now we suppose that NV; soap molecules are in the solution, V2 are in the 
micelle phase, and the number of water molecules present in the solution 
is No . The free energy of mixing in the solution is 


+ No [2] 


N, No 
af [Gpae sews 
Kasten ne 1 eae 


N, kT log 


where k is Boltzmann’s constant and T the absolute temperature. Since the 
mixing entropy of the micelle particles in the solution is negligible as previ- 
ously described, the part of the free energy concerned with the equilibrium 
between the micelle Bu and the solution is 


PINE log a7 Ne + NokT lee ON eee, 


N, Ny 3] 
Nok@ | 
ra Ca 3 ces 


+ N2(n*w, — Wn 5 n *w,) 


The critical micelle concentration, co = Ni/(Ni + No) ~ N,i/No, and 
the size (the value of n) are determined by minimizing the total free energy, 
holding Ni + N2, and No at constant values, respectively. 


oF oF OK 
dF = dN — sear = 
(2), amt () amt (2) ano 


subject to the condition 


+ N2(w/n) 


= N,kT log eH 
1 


aN, + dN» — 0. 
Then 
kT log co = w/n; [5] 
nN = W,/We . [6] 
Hence 
kT log co = 2+/w.w, — Wn. [7] 


Debye (7), Nakagaki (8), and Halsey (9) have determined the agerega- 
tion number, n, and the former two also the critical micelle concentration 
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by minimizing the energy per micelle, 7.e., energy per n molecules. But 
the thermodynamical condition determining the values of parameters in- 
volved in the equilibrium is the minimization of the free energy of the total 
system. Therefore, their method is incorrect. Further, it seems to be un- 
reasonable that Debye’s condition determining the critical concentration 
does not involve the surface energy, in spite of the fact that what holds a 
micelle in a definite size is just the counterbalance of the surface energy and 
the electrical energy, as described above. 


Errect oF ADDED ALCOHOLS 


When aliphatic chain alcohols are present in the solution, the critical 
micelle concentration decreases with increasing concentration of alcohol. 
This effect is considered to be due to the formation of mixed micelles con- 
sisting of the soap and alcohol molecules. Besides alcohols, dyes and other 
organic compounds penetrate into the micelles, which effect is known as 
solubilization. This phenomenon will be treated in detail in later papers. 
Suppose that there are n, soap molecules and nz alcohol molecules in a 
micelle particle, and that the alcohol molecules are arranged just like the 
soap molecules. Though alcohol molecules are not dissociated into ions like 
soap molecules, and though the interaction between their polar groups is 
as in a pair of planes with opposite uniform charges rather than as in a 
plane, we consider the interaction between the alcohol molecules and be- 
tween the alcohol and soap molecules to be the same as that between the 
soap molecules. Then, if the constants of the electrostatic repulsive energy 
_ between the soap molecules and between the alcohol molecules are w., , 
and w., , respectively, the constant between the soap and the alcohol mole- 
cules will be ~/w-,we, . Therefore, the total repulsive energy of a micelle 
particle is 


ny V/ We + ne es) [8] 


m + Ne 


(eae ny ( 


if we assume that the two sorts of molecules are randomly distributed. 
The error, due to the fact that the repulsive energy of the polar heads of 
alcohol molecules is not quite the same as that of the soap molecules, does 
not affect appreciably the determination of the critical micelle concentra- 
tion; this will be shown later in the paper. 

The van der Waals attractive energy between hydrocarbon chains is of 
short-range character, and, therefore, the total attractive energies between 
soap molecules and between alcohol molecules are expressed as 


Ni Wm,/ (m1 + Nez), N2Wm,/ (M1 + Ne), [9] 


respectively. The random distribution of molecules is always assumed. 
The attractive energy between two hydrocarbon chains is a function of 
their chain length (number of carbon atoms) and of additive character with 
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respect to their carbon atom number. Hence, provided they are arranged 
side by side, it is proportional to the chain length of the shorter chain. 
Since we consider the case where the alcohol chains are shorter than the 
soap chains, the total attractive energy between the alcohol and the soap 
molecules in a micelle is 


QnyNyWm./ (Mm + N2) [10] 


If the soap chain is the shorter, then w,,, above is to be replaced by Wm, . 
Further, the surface energy of a micelle will be 


(ny + Ne)? ws [11] 


when there is a small number of alcohol molecules, w, being an appropriate 
mean value for the soap and the alcohol. 

In addition to the above terms, there is the free energy of mixing of the 
soap and the alcohol molecules in a micelle particle. This is, as is well known, 


ny 
m + Ne 


BE E log + ne log ae | 4 


Mm + Ne 


Finally, the free energy per micelle is 


ye (ny V/ we, sie n2 V/ Wes)” ah Ni Wm, =A N2(2ny = N2) Wing 


(m mi N2)? fon Se Fp Nn + Ne 
[12] 
+ (m + m)tw, + ukT 1 es en fe 
; 2) af us Mm + Ne re oe Mm + Ne 
If we put 
Nm + Ne = m, Ni = Nam, No = Nate, 
[13] 


m = N,/(Ni + N2), nm. = No/(Ni + N2). 


where JN, is the number of micelle particles, and N; and N2 are the numbers 
of the soap and the alcohol molecules in the micelle phase, then the total 
free energy of the micelle phase is 


W = Naw = (Nit No) {mi (qr/We, + mV/ Wey)? — 11Wm, 
— (2mm + 72) Wms + mw, + kT(m log m + m2 log n2)}. 


In this formula, the independent variables are N, , N2 , and m. The chemical 
potential of the soap per molecule in the micelle phase is 


[14] 


ow 1 as 5 hu 
ma = (37 Ds = M(mV We + mV We)? = Wm, — (Anne + 72)wmg 


+ mw. + 2mi(m/we, + meV Wer) (M2 We, — mV/ We,) — 2012Wm, 
= (2s — 2m. — 2nd) wg + kT log m = mi (m/w, + n/a)? 
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+ AMV We, + n2V/ Wes) (MV We, — 12V/We,)} — (nt + 2mN2) Wm, — 130m, 
+ mw, + kT log [15] 
That of the alcohol is 
a = ic = MMV We, + mV Wer)? — Tm, — (2mm + 13)Wm, 
2] Ny,m 
+m ws + 2mm We, + mV We.) (—mV/ We, + mV We) + Wwe, 
— (2ni — 2mm + 2mm2)Wm, + kT log m = mE (mV We, + n2r/We,)? 
= mV we, + 12V/ Wes) (MV We, — MV Wer) } + nim, 
— (2ni + 2mm + 12)0m, + kT log nm. [16] 
The critical micelle concentration can be determined by the following 
equations 


kT log q = m\ 


kT log c: = psf Mal 


where c; and ¢ are the critical micelle concentration and the concentration 
of the added alcohol in the solution, respectively. These are equivalent to 
the minimization of the free energy of the total system with respect to the 
distribution of molecules in the micelle phase and the solution. 

The size of &# micelle particle is determined by the minimization of the free 
energy of the total system, and therefore W above, with respect to m, 


aw a, 
(rae se Hs) 


Ws 
hihi == —= 
(mV We, = ie mV Wes)” 
Substituting this value of m into the equations for uw; and 1 , 


kT log ¢, = 20/W.,W; — Wm, + 12(Wm, — Wm) + kT log m 


[19] 


and, [20] 


kT log co = 2y/we,w. + (L = 92)Wm, — (2 — 22 + 02)Um, + kT log ne 


These equations determine the critical micelle concentration c, , when the. 
alcohol concentration ¢; is given. Ordinarily c, > c, and therefore m > m2 
Then pu; and w2 may be expanded into powers of 72. We obtain 


kT log cy = 20/we,Ws — Wm, + kT log (1 — m2) + O(n3) 
= kT log co + kT log (1 — m2) + O(n2) [21] 
kT log co = 20/We,W, + Wm, — 2Wmg + O(n) + kT log ne [22] 


260 YUZURU OOSHIKA 


where cy is the critical micelle concentration when the added alcohol is 
absent. From these, by simple calculations, we obtain 


Cig eC we Wn/wWe, — / Wes) /Ws, — 2Wm Ae 2Wme [23] 
Ce kT kL 


log 


CoMPARISON WITH EXPERIMENTS 


It is too difficult for the critical micelle concentration to be measured 
exactly. It is considered as a small concentration range rather than as a 
definite concentration. 

1. When added alcohol is absent. 

We use the data obtained by I. M. Kolthoff and W. Stricks (10) and by 
Harkins et al. (11). The present author plotted logio co (co by mole fraction) 
versus N, (the number of carbon atoms of the hydrocarbon chain). Then 
he obtained the following equation with Na- and K-caprate, laurate, myri- 
state, and palmitate, 


logio Co = —0.50 — 0.25 N. [24] 


That logio co is a linear function of NV, is widely known. The coefficient of 
N.. is approximately constant, but the different homologous series have 
different constant terms. This proves to be due to the fact that the attrac- 
tion between hydrocarbon chains does not change appreciably with the 
change of the polar group, but the electrostatic repulsion changes from com- 
pound to compound because of the variety of their sizes and the dissocia- 
tion constants. 

In Eq. [7], wm is a linear function of NV, and w, is the term due to the re- 
pulsion between the dissociable groups and, in order to know its exact value, 
the degree of dissociation and the size of the group must be known. How- 
ever, if the total charge is constant and the surface density is uniform, the 
total electric energy is proportional to the square root of the total area. 
The number of the molecules, 7 in a micelle particle is proportional to the 
total charge, if the degree of dissociation is constant. Therefore, w, is pro- 
portional to the square root of the total surface area and hence to N% (o = 
0 ~ —1). (If the hydrocarbon chains are exactly parallel to each other, 
we is proportional to N{, and if they extend at a constant angle to each 
neighbor molecule, w, is proportional to Nz’. Inintermediate circumstances, 
we changes with N., as shown above.) Finally, as w, is proportional to N, , 
4/w.w, is proportional to 


Netnle (: * 1 es 0). 


Therefore, ~/w.w, changes with N, much more slowly than w, and its 
absolute value is also small if the degree of dissociation is not large. Hence 
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we may treat this term as constant in Eq. [7]. Put 


Wm/kT = a + BN; [25] 
2-/w.w,/kT = x. [26] 

Then 
log co = (y — a) — BN. [27] 


Comparing this equation with the experimental formula above, we obtain 
6 = 0.25 X 2.30 = 0.58 


[28] 
a — 7 = 0.50 X 2.30 = 1.15- 


We can estimate the van der Waals energy per carbon atom from the evapo- 
ration heat of hydrocarbons (7). This value is 2.0 kT per carbon atom at 
room temperature. Comparing this with the value 0.58 of 6B, the agreement 
seems to be rather poor, but considering that the hydrocarbon chains in 
micelles are more irregularly arranged and the distances between them are 
increased by the repulsion of dissociable groups, the value 0.58 is considered 
to be quite reasonable. The attraction between the chain and the water 
molecules may, of course, have some influence. 

Now, let us estimate the aggregation number of a micelle by using the 
values above. If we assume that the number of molecules on the lateral 
surface of a micelle is about +/n, 


v/hiee . = 0.29 N; 
w,~ 12 xX 10°“ N, erg 


Further, a is the contribution of carboxyl groups to the attractive energy 
divided by kT and we may estimate it about three times 8, 7.e., 1.74, be- 
cause they contain three heavy atoms, one carbon and two oxygens. Hence, 
from [28], 


1.74 — 1.15 = 0.59; 
(ykT)2/(4w,) ~ 1.5 X 10-4/N. erg. 


2 
I 


We 
Therefore 
n = w,/w. ~ 0.8 Nes 


N, varies from 8 to 14; n varies from about 50 to about 150. This is in good 
agreement with the values many investigators estimated. 4/w,wW, is com- 
paratively insensitive to the dependence of w. on N., but w,/w. is very 
sensitive to the latter, and we cannot estimate n exactly. 

2. The effect of added alcohols. 

Hertzfeld et al. (12) have obtained the following experimental formula 
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for the effect of straight-chain alcohols upon the critical micelle concentra- 
tion of dodecylammonium chloride (the number of carbon atoms of al- 
cohols is from 3 to 10), 


logio(AC,,/AC,) = —3.7024 + 0.5017 N. [29] 


where AC, is the decrease of the critical micelle concentration, AC. is the 
concentration of the added alcohol, and N, is the number of carbon atoms 
of the alcohol. We can write Eq. [23] as follows, 


log (AC,/ACa) = log (cio — ¢1)/¢2) 
2(a/ We, = / Wer) VW; - 2Wmy 2Wme 
F +r 


be 
i) een YO ard 2(ay = BN e,) = 2(a2 + BN cy) 
= 2 log co + 26Naq — 1 — Y2 + 2ox preie !) 
Now (—7y1 — Y2 + 2a) is small and we may neglect this term, and then, 
using logio cio = —1.886 from the data in reference (12), and that 6 = 
0.58, the value obtained above, we obtain also, 
logio[(C1o — C1)/C2] = —3.772 — 0.50 N.. [31] 


The agreement of theory with experiment is excellent. 
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INTRODUCTION 


The soap adsorption method for determination of synthetic latex particle 
size and specific surface area (1, 2) depends on the titration of a latex with 
soap solution until the critical micelle concentration (cmc) of the soap in 
solution is attained. Such a procedure can be employed only if the latex 
contains initially less soap than is required to reach this titration end point. 
If, however, the latex contains initially more soap than is necessary to at- 
tain the cmc, the method as presented heretofore is obviously inapplicable. 

It appeared to us that the method may still be applicable to the latter 
situation if, instead of a soap solution, the latex were titrated with another 
latex unsaturated with soap, and the remaining capacity of which for ad- 
sorbing soap is known. It was anticipated that in such a titration the second 
latex will adsorb the excess soap present in the first; and, if the volumes of 
the two latices used were properly chosen, a mixture could be obtained in 
which both latices were covered with soap and in equilibrium with the cme 
of free soap in the final solution. 

Preliminary investigation showed that the end point of such a latex- 
latex titration can readily be determined, as before, by conductance meas- 
urements. Consequently a more extended study was undertaken to show 
that the results thus obtained are reliable. This was done by determining 
first the particle size of unsaturated latices in the usual manner, next adding 
an excess of soap, and then redetermining the particle size by titration with 
more of the same unsaturated latex. The results thus obtained with two 
rosin soap and two fatty acid soap latices, as well as the method of handling 
the requisite data, are described in this paper. 


EXPERIMENTAL 


The conductivity apparatus used in these experiments was the same as 
described before (1). The temperature throughout was 50°C. 
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The two fatty acid and the two rosin acid latices used were first analyzed 
for free acid content and then neutralized by the addition of the quantities 
of base required. Next the particle sizes of these latices were determined by 
soap titration in the usual manner. A part of each latex sample was then 
taken, and enough soap was added to it to give an appreciable excess above 
that required to yield the cmc. The soap added in each case was identical 
with that initially present in the latex. Definite volumes of the ‘‘soapy” 
latices were then titrated with samples of the latices from which they were 
derived, and the titrations followed by conductance to ascertain the posi- 
tion of the end point. 

A typical plot of the data obtained during such a titration is shown in 
Fig. 1. The ordinate gives (L — Lp), 2.e., the conductance of the mixture 
at each stage of the titration minus that of the latex taken, and the abscissa 
gives the milliliters of the unsaturated latex added. It will be observed that 
the plot shows a discontinuity, which was taken to be the volume of added 
latex at which both latices are in equilibrium with the cme. Such titrations 
were repeated with each “‘soapy”’ latex at several initial dry rubber contents 
in order to obtain a plot from which the data required for particle size 
calculation could be obtained (see below). 


2.5 


2.0 


0.5 


00 
fC) 2 4 6 8 10 
ML OF TITRATING LATEX ADDED 


Fig. 1. Conductance titration of latex with latex. 
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TREATMENT OF Data 


In order to derive the equation relating the experimental quantities 
involved in the situation at hand, let: 


S;, = moles of soap per gram of rubber present in the latex containing 
the excess soap (latex titrated). 

S:, = moles of soap per gram of rubber present in the latex with in- 
sufficient soap for cme (titrating latex). 

m, = initial polymer content of latex (1), in grams per liter. 

m2, = ditto for latex (2). 

V, = volume of latex (1) taken for titration, in milliliters. 

V2 = volume of latex (2) in milliliters at titration end point (point A 
in Fig. 1). 

S:, = total moles of soap adsorbed per gram of rubber by latex (1) 
at cmc. 


Si, = ditto for latex (2). 

Cy; = concentration of unadsorbed soap at titration end point (cmc). 
wi = weight of polymer in V;, of latex (1) taken for titration. 

W2 = weight of polymer in volume JV; of latex (2) at titration end point. 
From the above definitions 


mV 1/1000, [1] 


II 


Wi 


and 


~ Further, the total quantity of soap, in moles, present in the system at the 
titration end point must be 
S;,W1 + Si,We. 
This quantity of soap goes to cover the surfaces of the two latices, and to 
yield, say, x; moles of unadsorbed soap. From the definitions given above 
it is apparent that the quantity of soap which is adsorbed by latex (1) is 
C,,w:, whereas that by latex (2) is C;,w2. Hence the total soap content of 
the system at the titration end point is also given by 
S1,W1 + S1.We se Uy. 
Equating these two expressions for total soap content we have that 
Si,W1 + SigW2 = S11 a S1,W2 Se xf 

or 

Si,W1 — (Sty — Sig)W2 = Swi + 4y. [3] 


The quantity on the left in Eq. [3] represents the moles of soap unad- 
sorbed from the system by latex (2). It can be converted to concentration 
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in moles per liter on division by the total volume in liters, namely, (Vi + 
V2)/1000. If this division be performed, and substitutions be made for 
w, and w, from Eas. [1] and [2], we get f 


ree S;,71Vi — (Sig — Sig)m2Veo _ s, ( mV ) 1000x, (4) 
me Vit V2 Vi + Ve VusraY2 
or 
C = Simi — (Sy — Sigm2 = Symi + Cy, [5] 
where 
m, = mVi/Vi + Vo, [6] 
m2 = m2V2/Vi + V2, [7] 
and 
Cy = 1000 x,/(Vi + V2). [8] 


mi, is the rubber content of latex (1) at the end point, m2 that of latex 
(2), and C; is the critical micelle concentration of the soap in solution. 

The value of C in Eq. [5] can readily be determined from measurements 
of S;,, Sir, Sta, M1, M2, Vi, and V2. This quantity, according to the equation, 
should be a straight-line function of m}. Consequently, all that is required 
is a determination of C at several values of mj, and a plot of C vs. mi 
should yield a straight line the slope of which is the sought S,,. 


RESULTS AND CONCLUSIONS 


Figure 2 shows a typical plot of C vs. m} obtained in the course of this 
work. In line with the above argument the plot is linear, and permits the 
evaluation of C,, from the latex-latex titrations. The values of C,, thus 
obtained are readily converted into particle size and specific surface area 
by means of Eqs. [7] and [4] of the first paper in the series. 

A further confirmation of the validity of the latex-latex titration and an 
indication of the accuracy obtained compared with that obtained by 
ordinary soap titration are given by the data in Table I. In this table 
C., values and particle diameters calculated from these are given for the 
four latices as obtained by soap and latex-latex titrations. It may be seen 
that the agreement among the results obtained by the two methods is 
excellent. 

The technique of taking up excess soap by addition of latex suggests the 
possibility of reversing the usual soap titration procedure and of titrating 
a solution containing a known amount of soap with latex. Such a procedure 
was tried and gave good results. However, this technique restricts the range 


SURFACE AREA AND PARTICLE SIZE DETERMINATION 267 


0.05 
& 
Ww 0.04 
a 
~~ 
a 
q 
° 
W 0.03 
uw 
° 
” 
Ww 
2 
© 0.02 
= 
o 
0.01 
‘| 
0 20 40 60 80 100 120 
m, (GRAMS RUBBER / LITER) 
Fig. 2. Plot of C vs. m: for latex-latex titration. 
TABLE I 
Comparison of Latex-Latex and Latex-Soap Titration Results 
5 ; 
Latex no. Type* sae aie Oe a ee Ct, X 104 Ds (A.) 
8 50/50 K-wood rosin Soap 3.82 760 
BD-St Latex 3.75 780 
9 50/50 K-wood rosin Soap 2.26 1290 
BD-St Latex 2.28 1280 
\ 
10 70/30 OSR Soap 5.24 780 
BD-St Latex 5.02 790 
11 70/30 OSR Soap 4.69 870 
BD-St Latex 4.75 860 


*BD—Butadiene; St—Styrene. 


of latex concentrations which may conveniently be used in such titrations, 
and hence it is not recommended for routine use. 
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SUMMARY 


The soap titration method for determination of particle size and specific 
surface area of synthetic latices can be applied only to latices the initial 
soap content of which is less than that required to yield the critical micelle 
concentration of soap in solution. To handle latices the soap contents of 
which exceed the cmc, a procedure has been developed involving the titra- 
tion of the latex with another the surface of which is still unsaturated by 
soap. The latter latex is used to take up the excess soap and to yield both 
latices in equilibrium with the cme of the soap. 

The end point of the titration can be determined, as before, by conduc- 
tance. The end points are sharp, and the requisite data obtained permit 
a ready calculation of the latex particle size for both fatty and rosin soap 
latices. Further, the results obtained are in excellent agreement with those 
obtained by soap titration. 


REFERENCES 


1. Maron, S. H., Exper, M. E., anp U.evitcu, I. N., J. Colloid Sci. 9, 89 (1954). 
2. Maron. S. H., Exper, M. E., anp Moors, C., J. Colloid Sci. 9, 104 (1954). 


THE ANALYTICAL SOLUTION OF THE FICK EQUATION WITH 
A CONCENTRATION-DEPENDENT DIFFUSION COEFFICIENT 
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INTRODUCTION 


Even when the polydispersity effect may be ignored, the diffusion be- 
havior of macromolecular substances in solutions is generally complicated 
because the concentration dependence of the diffusion coefficient makes the 
diffusion curve (concentration gradient vs. distance) more or less skew from 
the normal distribution curve corresponding to constant diffusion -co- 
efficient. The diffusion coefficient, D, for a dilute binary solution of a poly- 
mer is represented by an equation of the form: 


RT (1+ B,C + B.C’ + ---) 
N ii ‘ 
where RF is the gas constant, 7 is the absolute temperature, N is Avogadro’s 
number, f is the frictional coefficient of the diffusing molecule at a solution 
concentration C, and B,, Be, etc., are the constants relating directly to 
the coefficients in the virial expansion of the osmotic pressure. Equation 
[1] comprises two factors which produce a concentration dependence of 
the diffusion coefficient. The first factor, represented by the numerator of 
the equation, is a consequence from the thermodynamic interaction be- 
tween the polymer molecule and the solvent, and may ordinarily be de- 
termined from osmotic or from light-scattering measurements. The second 
factor is the frictional coefficient for which the variation with concentration 
is a result of changes in molecular configuration and shape. Permeability 
to the solvent flow apparently gives rise to a concentration dependence of 
D. The relative degree of these two effects will vary characteristically for 
particular systems and experimental conditions. In some cases, however, 
either of these may predominate over the other in the degree of the effect, 
thus permitting one to obtain useful information as to the concentration 
dependence of the factor in question from diffusion measurements only. 
The purpose of the present paper is to deal mathematically with a diffu- 


D= [1] 


1 Presented at the XIIIth International Congress of Pure and Applied Chemistry, 
Stockholm, August, 1953, through the courtesy of Professor Nils Gralén of the Swed- 
ish Institute for Textile Research. 
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sion process in one dimension with infinite limits in both directions by as- 
suming the frictional coefficient to be the only controlling factor for the 
concentration dependence of D. To make the analytical solution of the 
Fiekrdiffusion equation possible, we shail deal only with such a simple case 
that:the frictional coefficient, f, varies linearly with C, such that 


f =foll — 2C), [2] 


where fy stands for the value of f at infinite dilution, and A is a parameter. 
Combining Eqs. [1] and [2] and neglecting the effect of the polymer-solvent 
interaction, we have 


D(C) = DO)/( — AC), [3] 
with 
D(O) = RT/Nfo . 


Actual systems conforming to the above D-C relationship are not known, 
but this relationship may be realized m dilute aqueous solutions of poly- 
electrolytes. The reduced viscosity of polyelectrolytes in aqueous solutions 
is known to show a marked increase as the concentration is decreased. The 
reduced viscosity of a polymer solution, in general, gives a measure for the 
average volume occupied by the solute polymer molecule. On the other 
hand, the frictional coefficient of a polymer molecule in solution, at least 
at sufficiently low concentrations, is roughly proportional to one-third power 
of the average molecular space. Therefore, it may be expected that in the 
phase where the reduced viscosity increases markedly with dilution the 
frictional coefficient will also exhibit a marked decrease with increasing 
concentration. Equation [3] will then hold as a first approximation to the 
true form of the D-C relation governing such a region of concentration, 
and we may give for the parameter \ a meaning as a measure for the 
electrostatic interaction involved in the system. We may then expect that 
the concentration dependence of the diffusion coefficient for a dilute poly- 
electrolyte solution will become weak as simple electrolytes are added to 
the solution. A good illustration in accord with this expectation is found 
in the data of Gralén (1) for aqueous sodium chloride solutions of sodium 
cellulose glycollate. Rosen et al. (2) recently demonstrated with aqueous 
solutions of polyvinyl pyridinium bromide that in the phase where the 
reduced viscosity increases with increasing dilution the sedimentation rate 
decreases as a result of the expansion of molecular dimensions. Because the 
sedimentation rate is inversely proportional to the frictional coefficient, 
the finding of Rosen and co-workers may be accepted as suggesting the 
possibility that in the same phase of the viscosity vs. concentration rela- 


tion the diffusion. coefficient depends roughly on concentration as repre- 
sented by Eq. [8]. 
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MATHEMATICAL SOLUTION 


In an ideal experiment for the measurement of the diffusion coefficient 
of a macromolecular substance in dilute solution, initially, a test solution 
of a known concentration, Cy, is placed in a tube called the diffusion cell 
and separated from the solvent or from the solution of a lower concentra- 
tion, C; , by a sharp interface. The interface is then rapidly removed with- 
out causing turbulence, and the subsequent changes in concentration at 
various points along the cell are followed by means of an appropriate op- 
tical technique. In such an experimental arrangement the medium through 
which the diffusion takes place must be regarded mathematically as of in- 
finite limits in both directions. 

Fix the co-ordinate origin on the initial interface and measure the dis- 
tance, x, in the direction of diffusion. Since the diffusion here is one-dimen- 
sional, the Fick equation for diffusion is 


BOE ac 
ars. OF [Do = , [4] 


where C is the concentration of the diffusing substance at any point x and 
at any time ¢ since the interface was removed, and D(C) is the diffusion 
coefficient which, in this paper, takes the form given by Eq. [3]. Taking, 
for simplicity, Ci; = 0, the following conditions hold: 


C =,0 (¢ = 0,z > 0), 5] 
C=C (¢ = 0; 2 <.0). 
On introducing the dimensionless variables defined by 
Cat x 
es — WOW = 6 
Co Y, 2./D(0)t n, 0 €, [ ] 
Eq. [4] reduces to an ordinary equation in 7 of the form: 
d 1 =| dy 
dy (; = 4) dn "dn 
and the conditions [5] transform to 
¥—>0 (7 ~), [8] 
yl (nz), [9] 


In what follows, we shall assume that 0 < e < 1,so that the present analysis 
is concerned only with a diffusion coefficient which increases monotonically 


with increasing concentration. 
The substitutions defined by 


(dy/dn)/(1 — eb) = —¢, [10] 
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l—egq=z2 {11] 
lead Eq. [7] to 
pa 12 
ge dz a a: [ ] 
The first integral of this nonlinear differential equation of the second order 
is given by 


3 
21 = (17 — 2a Z +a) [13] 
dz 4 
where 
g 2 
ee Se 14 
ENS Oe ae? ve 


and a is an integration constant. Equation [7] is represented in terms of Z 
and 2, giving 


dZ 1 2 
ee [15] 
Mare Pig = 


which, on putting 7 = 0, gives 


dz n=0 2 % 


where Z, denotes the value of Z at » = 0. From Eq. [13] and this relation 
it follows that 


a = 2aln Zo . [16] 
Hence, if the substitutions 
Z 8a 
aS pore (17] 
De Wine givin 
are made, Eq. [13] becomes 
eH = 4° — ging), [18] 
Z 
whence 
y 
Z;inze+ b= if (y> — Bln y)? dy, [19] 
7] 
$Inz+ b= -| (y’ — Bln y)? dy, [20] 


b; and by being integration constants corresponding, respectively, to the 
plus and minus solutions of Eq. [18]. 


If the condition [9] is combined properly with the subsequent transforma- 
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tions and relations given above, the following condition for y can be de- 
rived: 


lal oe (g>1— 6). [21] 
dz 


Similarly, we obtain from the condition [10] 


dy 


Za aS e-—> 1); [22] 

It can also be shown that the following boundary conditions for y hold: 
y 0 (1-6), [23] 
y—0 (zg — 1). [24] 


Inspection of these four conditions together with Eq. [18] indicates that 
when the variable z moves from 1 — e to 1, the integral of Eq. [18] passes 
from the solution given by Kq. [19] to the solution corresponding to Eq. 
[20]. Consequently, it proves that the unknown constants b; and b: are to 
be determined, respectively, from the conditions [23] and [24]. With the 
values of b; and b. determined in this way, we obtain from Eqs. [19] and [20] 


z= (1 — e) exp E ii (y* — Bln y)? ay | [25] 
where (1 — «) < z < zx, and 
z = exp | - 2[ (y’ —BIny)? ay | [26] 


where zx < z < 1, and where zy denotes the value of z at which the right- 
hand side of Eq. [18] changes its sign. If the value of y corresponding to 
zx is denoted by yx, it follows at once from Kgs. [25] and [26] that 


Ye 
1 — « = exp |-+[ wy —ainy dy], [27] 
Simultaneously, the following relation also follows: 


Pein e) [28] 


Because at the branch point zx the right-hand side of Eq. [18] necessarily 
vanishes, 
yx = Bln ye. [29] 


Substituting this into Eq. [27], and putting 


YL = 6, [30] 
Yx 


In Uta 1/2n, [31] 


274 HIROSHI FUJITA 


we obtain the result 
~1 
c=1-exp|-4| @ —1— nine ao], [32] 
“0 


which gives u as a function of the given parameter e. Since u is connected 
with a in Eq. [13] through Eqs. [31], [29], [17], and [16], Eq. [32] is a de- 
terminant equation for the unknown integration constant, a, in the first 
integral of Eq. [12]. 

Equations [25] and [26] can be expressed in terms of 6, giving 


z= —des[2[ @—1- nine ao] [33] 
where 
(lie ha iw, 
z = exp | -2 [ (Gi 1G nee ao| [34] 
where 


N/V SED 


From these, on recalling Eq. [11], there results 


y= {1-1-0 exp BF@)) [35] 
where 
Ve eal, 
y= = {1 — exp [-2FO)]} 36) 
where 
OW A 2 


and where F'(@) is a function of @ defined as 


a) 
Fe) =| @—1-ulné) +a, [37] 


0 
After some operations, it can be shown that Eq. [15] is rewritten in the 
form: 
1 
n=- fo+ @ —1—yulne)}), 


V 2pz 


where the plus sign corresponds to y given by Eq. [35], and the minus sign, 
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to y given by Kq. {36]. Substitution for zfrom Eqs.. 83] and [34] leads the 
above ey for 7 to 


Ps 1 —F(6) 2\} } 
4 = — ——— (6 —- 1 — pln 6 38 
Vines (6 uw In 6)? + 6] [38] 
where 
bith Ramee FTE 
n= : BONG. SES yg nace) [39] 
2u 
where 
O<y< esa Aly 


Equations [35], [36], [88], and [89] thus obtained provide the exact solution 
to the problem with @ as an intermediate parameter. The parametric con- 
stant, u, involved in these equations is connected with the given parameter 
e by Eq. [82]. Values of 6 vary between 0 and 1. 

The experimental information to be obtained with the diffusion cell is the 
plot of the concentration gradient against the distance along the cell. 
Since 


==, eS Ee 


0x 24/D(O)t_ an 


and « = 24/D(0)t-n, only the relation between dy/dy and 7 is important 
for theoretical purposes. The expression for dy/dy is readily obtained from 
Kas. [35]-[39], resulting in 


dy veo 4A Ale 


6-exp [3F()] [40] 
dn eV 2 ae 
where 
Pe A/ 1 —e 
AY Sa 1 
7 UP KS Il 
dy 4 
eae 6-exp [—3F(6)] [41] 
dn iki 
where 


0<y< 


1—-~v/1l —e« 
€ 
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The required plot between dy/dn and 7 can be calculated in terms of Eqs. 
[40], [41], [38], and [39], with 6 as an intermediate variable, if the value of 
uw for a given value of e can be determined by solving the transcendental 
equation [32]. 


SoLUTION FOR SMALL VALUES OF € 


A number of recent works on diffusion for dilute polymer solutions have 
demonstrated a linear dependence of the diffusion coefficient on the con- 
centration. In the nomenclature of the present paper, this relationship can 
be represented by 


D = D(O)(1 + &). [42] 


On the other hand, for sufficiently small values of ¢ the diffusion coefficient 
of the present study may be expanded in powers of « as follows: 


D = DOO) (1 + & + O(e)). [43] 


Accordingly, to the degree of approximation which neglects terms higher 
than 0(¢), our formal solution presented above should result in an ap- 
proximate solution which is valid, at least to the same degree of approxima- 
tion, for the diffusion coefficient having a linear dependence on concentra- 
tion. The Fick equation with a linearly concentration-dependent diffusion 
coefficient cannot be integrated analytically under any initial or boundary 
condition of physical interest. It may be remarked, however, that several 
numerical solutions for this case subject to the same initial condition as 
adopted in this paper have recently been evaluated by Stokes (3). 
For » > 1 the following approximation may be established: 


1 4 1 2 
i (°° —1—yln6’)* do = [ (— In 6’)? do = (Z). 
40 ~0 2u 


Hence, we find from Eq. [32] 


<4(Z) (u — 0), 
Qu 


which indicates that making « — 0 is equivalent to making p > o. 
By making the change of variable: 


Ino = —£, 
F(@) proves to approach, when  — ©, the limiting form as 


F(9) = p (1 — erf &) + 0(p), [44] 
where we have put 


oD 
ll 
S 
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Since 6 = 1 corresponds to = 0, Eq. [44] gives 


F(1) = pll + 0(p’)]. [46] 
Substituting this into Eq. [33] yields an expansion for ¢ in p as follows: 
e = 4p — 8p + 0(p'). [47] 


This provides a more accurate e vs. p relation than that derived above for 
e < 1. By expressing Eq. [38] in terms of £, and expanding the resultant 
equation in powers of p, we obtain 


= -#[1+o(1 +ete+ 56°) +00], 


which inversely gives 


p= aft (1 ety.) 4 069], [48] 
Wm 

Following a similar procedure, there is obtained from Eq. [40] a series ex- 
pansion of dy/d7 in p, Sere in 


d 
| “all = pB erie + 1 +06), 


which, on introducing Eq. [48], becomes 


o = {1 + p Ej —1— (2n — 3) erf 7 - «| + 06s) [49] 


Elimination of p with the aid of Eq. [47] leads to 


AACS ek aes cee Wi Sy : 
er vai [5 n G ri )ettn+ toe | +00). 60 
It is evident from the above deduction that this result is valid only for 
y when (1 — 1/1 — e)/e < y < 1. It is shown, however, that a result identi- 
cal with this can be derived when 0 < y < (1 — v/1 — e)/e. Accordingly, 
Eq. [50] holds over the entire range of from minus to plus infinity. The 
first term on the right-hand side of Eq. [50] represents the Gaussian dis- 
tribution curve, whereas the second term multiplied by « provides a main 
contribution to the skewness of the diffusion curve for D(C) deviated 
slightly from a constant value. Equation [50] accords exactly with the result 
obtained recently by Kaneko (4) for the linearly concentration-dependent 
diffusion coefficient by the use of the method of successive approximations. 
Although he could provide only the first-order correction term with respect 
to ¢, the second or higher correction terms are being calculated by the 
present author, the results of which will be published elsewhere. 
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DISCUSSION 


As a numerical example, the case in which « = 0.912 was taken. This € 
value corresponds to » = 5.0. The calculated y vs. 7 curve and dy/dy vs. 
curve are shown, respectively, in Figs. 1 and 2 as solid lines, whereas the 
curves for e = 0 (case of constant diffusion coefficient) are shown as dotted 
lines. The skewness of the dy//dy vs. n curve from the corresponding normal 
distribution curve is seen to resemble rather fairly those which are found 
in many papers on diffusion of dilute polymer solutions. This resemblance, 
however, may not have a particular significance for practical purposes, 
because, owing to the great complexity of the general solution obtained, it 
is, at the moment, impossible to find an appropriate way of fitting the solu- 
tion to given experimental data. Despite this defect, the results obtained 
seem to be of fair significance from the theoretical point of view, in that 


>" = RDO 


Fig. 1. Calculated concentration vs. distance curve. 


Fig. 2. Calculated concentration gradient vs. distance curve. 
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they represent the exact solution of a nonlinear diffusion equation. As far 
as the present: author is aware, exact solutions for concentration-dependent 
diffusions in one dimension with infinite vessel limits have not been re- 
ported in the literature. This is the reason why we described the mathemati- 
cal solution for Eq. [4] with D(C) of the form of Eq. [3] in detail. Although 
the author, in a series of papers (5, 6, 7), presented exact solutions for the 
unidimensional diffusion equation having diffusion coefficients of three 
different types, they all are concerned only with the boundary conditions 
applicable to a semi-infinite medium. Consequently, no information is 
available from them as to the diffusion behavior of macromolecules in 
solutions having infinite limits in their both directions. 

The Boltzmann-Matano method and/or its equivalent, the Beckmann- 
Rosenberg method (8), have been widely used to determine the diffusion 
coefficient vs. concentration relationship for a given solution of polymer 
from experimentally obtained diffusion curves. Although these methods, 
in principle, do not contain any approximation, they, when applied to 
actual experimental data, often lead to a peculiar D-C relationship in the 
vicinity of the ends of the concentration diagram, which generally makes it 
difficult to evaluate D(O) with reliability. The rigorous check on this point 
is possible only when some mathematically exact curve for the concentra- 
tion gradient vs. distance relation be found; this, however, has been im- 
possible up to now owing to the reason mentioned above. Since such a 
mathematical solution has now been obtained, we are in a position to be 
able to attempt a rigorous checking for the reliability of the existing methods 

mentioned. This problem will be considered in a future work. In this con- 
nection, we note that with respect to the linearly concentration-dependent 
diffusion coefficient Kaneko (4) has examined the accuracy of the Beck- 
mann-Rosenberg method using the approximate solution given by EKq. 
[50]. 
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SUMMARY 


The analytical solution for the one-dimensional Fick equation with a 
concentration-dependent diffusion coefficient of the form: 


D(C) = D(0)/(1 — dC), 


where C is the concentration and ) is a parameter, is obtained under the 
initial condition that a solution and the solvent are initially separated by 


280 HIROSHI FUJITA 


a sharp interface in an infinitely long tube. It is supposed that this form of 
D(C) may apply to describing the diffusion behavior of dilute polyelectro- 
lyte solutions in the phase where the reduced viscosity increases markedly 
with increasing dilution. The mathematical analysis is carried out for the 
case of \ being positive, and the general solution obtained is discussed 
numerically. An approximate solution is derived from the general solution 
for the case of small values of \. The skewness of the diffusion curve ob- 
tained has a good resemblance to experimental results associated with the 
diffusion coefficients increasing with increasing concentration. The theoreti- 
cal significance of the exact solution obtained is discussed in relation to the 
check of the reliability of the Boltzmann-Matano method for evaluating 
the concentration dependence of the diffusion coefficient from given ex- 
perimental data. Because of the complexity of the general solution, how- 
ever, it is impossible to find an appropriate way of fitting the solution to 
experimental data. 
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LETTER TO THE EprTrors 


THE SURFACE PLASTICITY OF SODIUM 
MYRISTATE SOLUTIONS! 


Certain solutions exhibit a higher viscosity at the surface than in the 
bulk liquid. Indeed, it has been shown that in many instances surfaces of 
soap solutions are plastic (2, 3), since they have a finite yield value and the 
viscosity is a function of the rate of shear. The purpose of this research was 
to investigate the nature of these plastic surfaces more fully. Solutions of 
pure sodium myristate, which have a marked surface plasticity under proper 
conditions, were employed. 

In this investigation the surface viscosity and plasticity were measured 
by the oscillating disc method. Since the apparatus and technique employed 
were essentially those of Wilson and Ries (3), a detailed description is not 
warranted. All experiments were conducted with the bottom of the disc 
just touching the liquid surface. The torsion pendulum was suspended in a 
thermostated, glass-fronted box which served as a constant-temperature 
air bath. A slow stream of carbon dioxide-free air was continuously passed 
through the bath. The amplitude of oscillation was measured in arbitrary 
units by means of a cathetometer focused on a scale attached to the oscil- 
lating disc. 

It has been shown (3) that if the logarithm of the amplitude is plotted as 
a function of the oscillation number a straight line results whose slope is a 
measure of the surface viscosity, provided the surface is not plastic. If the 
surface is plastic, a curved line concave downward results as a consequence 
of the fact that the viscosity increases as the rate of shear decreases. 

The surface plasticity of sodium myristate solutions was found to be a 
function of temperature. For a given concentration, at a relatively low 
temperature, the solution is markedly surface plastic, as is shown by the 
curvature in the plot of logarithm amplitude versus oscillation number. 
With increasing temperature the plasticity decreased and finally disap- 
peared completely. This transition from a measurably plastic to a nonplastic 
surface is quite sharp. A typical set of data for 0.002 N sodium myristate 
is shown in Fig. 1. 

The transition temperature was found to be a function of sodium my- 
ristate concentration. For a 0.002 N solution the transition occurred between 
46.0°C. and 47.0°C., and either an increase or a decrease in concentration 
resulted in a decrease in the transition temperature. A plot of transition 


1 This investigation is a joint undertaking of the Research Institute of the Univer- 
sity of Oklahoma and the Office of Naval Research. 
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Fig. 1. Damping of torsion pendulum at the surface of 0.002 N sodium myristate 
solution. 
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Fie. 2. Transition temperature versus concentration of sodium myristate. 
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Fig. 3. Effect of pH on the plasticity of 0.001 N sodium myristate. Temperature = 
34°C. 


temperature as a function of sodium myristate concentration is shown in 
Fig. 2. 

It was found that the surface plasticity was a function of pH. If the stoi- 
chiometric pH of a surface plastic solution is increased by the addition of 
sodium hydroxide a nonplastic surface results. This is shown in Fig. 3 for 
0.001 N sodium myristate. At 34°C. the stoichiometric pH was 8.0. When the 
pH of the solution was increased to 9.0, the surface became nonplastic. 

These results suggest that the surface plasticity of sodium myristate solu- 
tions can be attributed to hydrolysis products. When these solutions hy- 
drolyze, the free fatty acid formed associates, at least partially, with un- 
hydrolyzed ions to form acid soap. These hydrolysis products are surface 
active and concentrate at the solution interface where a plastic layer is 
formed. An increase in pH represses hydrolysis, and consequently the 
products are not available to form a plastic surface film. The maximum in 
the concentration versus transition temperature plot indicates that the 
nature of the surface is determined by the bulk concentration. Further ex- 
periments designed to elucidate the nature of these surfaces are in progress. 

One of us (1) has recently reported that sodium laurate solutions exhibit 
no surface plasticity at 20°C. In view of the results presented here for so- 
dium myristate it is possible that 20°C. is above the transition temperature 
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for sodium laurate and that these surfaces would exhibit plasticity at lower 
temperatures. Indeed, the relationship between transition temperature and 
hydrocarbon chain length should be further investigated, and experiments 
with sodium laurate, sodium palmitate, and sodium stearate are contem- 
plated for the future. 
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ABSTRACT 


Viscoelastic gels are formed by the addition of electrolytes to aqueous soap solu- 
tions. Equations have been derived that enable gel formation to be explained in terms 
of the conversion of the soap from the form of small, detached spherical micelles into 
long, interlinked cylindrical micelles. 

The mechanism proposed reasonably explains the gel properties of the soaps of 
sodium oleate, elaidate, and oleylsulfate, and the influence on these properties of 
small amounts of long-chain alcohols, other soaps, and perfluoro-compounds. 


INTRODUCTION 


The work of numerous authors (1-10) on the physical properties of 
aqueous solutions of the soaps of long-chain fatty acids, sulfates, and 
sulfonates, and of quaternary ammonium compounds has clearly estab- 
lished that, except in very dilute solution, the molecules exist in the micellar 
state. The aggregation of the single molecules into micelles is detected by 
characteristic and sudden changes in such properties of the solutions as 
conductivity, surface tension, osmotic pressure, and viscosity, and generally 
takes place over a relatively small range of concentration of the soap. 

Although the critical micelle concentration (c.m.c.) for a great many 
of the commoner soaps is now known with accuracy, the question of the 
actual sizes of the micelles, of their shapes, and, in particular, of their 
variation in size and shape, both at higher soap concentrations and on 
the addition of inorganic ions, is still a matter of considerable controversy. 

McBain (8) had originally postulated small, highly conducting ionic 
micelles coexisting with a larger, weakly conducting neutral micelle, 
whereas, in contrast, Hartley and his collaborators (11) had envisaged an 
essentially spherical micelle, the size of which remained appreciably con- 
stant at all concentrations above the c.m.c. The observations by Hess and 
Gundermann of X-ray diffraction patterns from soap solutions led to the 
suggestion of a lamellar micelle composed of alternate layers of water 
and double amphipatic molecules, and McBain identified this with his 
neutral micelle. Later work of Harkins (12), Harkins and Mittelmann (13), 
and others, however, has shown that the X-ray patterns may be explained 
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equally well in terms of cylindrical or rod-shaped micelles. The measure- 
ments of Debye and Anacker (14) clearly indicate the existence of asym- 
metrical micelles and lead to the postulation of a rod shape in which the 
molecules are oriented radially to the longitudinal axis. 

In view of the considerable bulk of experimental data and of the numerous 
theories, many mutually conflicting, that have been advanced to explain 
these data in terms of a micellar model, it is not surprising to find that a 
rather cautious note is now being struck by the latest writers in the field. 
Philippoff (15) has shown that. once the c.m.c. has been passed a number 
of different regions are encountered in aqueous soap solutions. These he 
designates: Region 1—electrolyte absent; Region 2—small amount of 
electrolyte present; Region 3—large amount of electrolyte present. The 
regions are distinguished by such properties as variation in relative vis- 
cosity with temperature, with rate of applied shear, and with change in 
concentration of the electrolyte. Further complexities are introduced, how- 
ever, by the observation that the viscosity behavior is found to depend 
also on a number of other factors—nature of the soap, added ions, and 
concentration of both soap and electrolyte. Philippoff concludes that it is 
not possible to arrive at any satisfactory picture of the shapes or sizes of 
the micelles and, in fact, suggests that micelles of a variety of types coexist 
in metastable equilibrium in any particular soap solution at any particular 
concentration of soap and electrolyte. 

Similar conclusions are arrived at by Schulman and Van den Berg (16). 
In a potassium oleate solution the X-ray bands corresponding to what they 
believe to be micelles with a lamellar structure disappear as the quantity 
of added electrolyte is increased until finally, when viscoelastic properties 
develop, only a diffuse scattering pattern is observed. This they ascribe 
to the presence of micellar aggregates of various sizes. Since the patterns 
for potassium oleate and potassium laurate systems are fundamentally 
different, they conclude that long-chain hydrocarbon polar compounds 
may aggregate or pack together in many different forms depending on the 
steric configurations of the molecules and on their environment, e.g., oil, 
water, salts, temperature, concentration. 


Discussion 


In attempting to explain, in terms of a micellar model, the development 
of viscoelastic properties in soap solutions by the addition of electrolytes, 
it must be emphasized from the outset that such an explanation can, at 
best, be expected to be only rather approximate. All the evidence, both 
from the literature and from the present investigation, suggests that the 
development of viscoelastic properties takes place through a series of 
stages at any particular concentration of soap in the solution (provided it 
is above the c.m.c.) These stages, characterized presumably by the presence 
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of micellar types of one kind or another, are not clearly defined but extend 
gradually one into the next. Since there is no reliable evidence for the 
actual micellar form preponderating at any one of these intermediate stages, 
it seems unlikely that any step-by-step treatment would be applicable to 
the problem of gel development. Nor is it possible to specify exactly the 
form and size of an original micelle type (postulated as existing at low 
concentrations of electrolyte) or of the final micelle type that occurs when 
gelling has occurred. Indeed, the evidence available points only to the 
likelihood of considerable variation in both, since their forms appear to 
depend on the nature of the soap, temperature, past history of the solu- 
tion, etc. : 

Despite these formidable difficulties it is nevertheless considered of 
value to attempt an explanation of the present experimental results in 
terms of a micellar model. The aim is a treatment essentially quantitative 
in nature that is able satisfactorily to account for such qualitative observa- 
tions as the effects of hydrocarbon chain length, addition of alcohols, 
fluoro-compounds, and ions on the mechanical properties of the gel systems 
produced. For the purpose the following simplifying assumptions are made. 


Assumptions 


At low concentrations of electrolyte and prior to the development of 
marked elastic and/or viscous properties, the soap molecules are assumed 
to exist in the form of relatively small, spherical micelles. The molecules 
are oriented radially with the polar heads outermost. On the evidence of 
the X-ray work of Harkins and Mittelmann (13) on the solubilization by 
soaps of long-chain alcohols and hydrocarbons, and of Phillips (17) on the 
energetics of the same process, the center of the spherical micelle is assumed 
to be completely oily. By this is meant that the hydrocarbon chains are 
coiled so that the whole of the center of the micelle consists of nonpolar 
groups; no water or electrolyte is present in this region. Under the in- 
fluence of added electrolyte the spherical micelles first flatten, as proposed 
by Debye (18), and then pack together into long cylindrical rods in which 
the molecules are arranged radially to the axis with the polar heads outer- 
most. The ends of the cylinders are assumed hemispherical, again with the 
polar heads outermost. Viscoelastic properties develop as a result of inter- 
linking throughout the liquid of these long, rodlike micelles. In this way 
the gel structure is essentially similar to that now currently accepted 
for elastic solids such as rubber, gelatin, and various plastic materials (19). 

Irrespective of the particular model assumed for the micelle, there 
are two main forces acting in it which serve to control its size and shape: 
van der Waals’ attractive forces which act between neighboring —CH,— 
groups and thereby hold together the hydrophobic tails, and Coulombic 
repulsive forces which act between the polar heads and thereby tend to 
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disrupt the micelle. Variation in both the van der Waals’ and the Coulombic 
forces causes changes in the micellar shapes, and it is the influence on these 
two forces of the various factors outlined above that it is now proposed to 
examine in more detail. 


Geometrical Considerations 


Consider first the geometrical changes involved in the aggregation of 
n single soap molecules into a spherical micelle, followed by the flattening 
of the spheres into discs and the packing of X of them together to form a 
cylindrical micelle. If the fully extended hydrocarbon chain has a length 
L A. and its cross-sectional area is A A.?, then the volume of the n molecules 
is nAL A.*. If the center of the spherical micelle is assumed to be com- 
pletely oily, its volume will also be nAL A.'; its radius is given by 


r = (8nAL/4r)"8, 
and its total surface area is 
4 (38nAL/41)?/8. [1] 


Since each molecule contains one polar head of cross-sectional area P A.?, 
the total polar surface per spherical micelle is nP A.?, and hence the total 
exposed hydrocarbon surface per spherical micelle is 


4n(3nAL/4r)”* — nP. [2] 
For X spherical micelles this becomes 
An X (8nAL/4r)?2 — nXP. [3] 


The volume of X spherical micelles is nXAL A., and this will also be 
the volume of the cylindrical micelle. If we assume the cylinder to have 
hemispherical ends, a radius R A., and a length (excluding the ends) of 
h A., it follows that 


nXAL = rR + ((4/3)0R. [4] 


The total surface area is 4rR? + 2rRh, and hence the total exposed 
hydrocarbon surface per cylindrical micelle is 


4rR? + 2rRh — nXP. [5] 
If we substitute for h from Kq. [4], this becomes 
(4/3)rR? + nX[(2AL/R) — P}. [6] 


Energy Considerations 


Now consider the energy change associated with this conversion of X 
spherical micelles into one cylindrical micelle. If Yew'> Yow» ANd Yee are, 
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respectively, the surface energies in ergs/em.2 between a hydrocarbon 
surface and water, a polar head surface and water, and a hydrocarbon and 
a polar surface, then, assuming the surface of a polar head in contact 
with the hydrocarbon surface also to be P A. and applying Has. [1]-[3] 
the total surface energy of the X spherical micelles is 


[{4(38nAL/4r)?2 — nP}ym + nPyew + nPY1X xX 10-8 erg, 
which simplifies to 
[4r(8nAL/4r) yng + NP(Yeo + re — Yrw)|X X 107% erg. [7] 
In a similar manner the total surface energy of the cylindrical micelle is 
[{(4/3)ak? + nX((2AL/R) — P)} Yr + NXP (yaw + Yr2)] X 107" erg, 
which simplifies to 
[{(4/3)R? + 2nXAL/R} Yew + 2XPCYou + Yee — Yrw)] X 107% erg. 8] 


Subtracting Eq. [7] from Eq. [8] gives the surface energy associated with 
the conversion as 


Yul (4/3)rR? + (2nXAL/R) — 4xX(8nAL/4x)2"] X 107% erg. [9] 


This energy change has come about solely as the result of the addition 

of electrolyte to the soap solution. Davies (20) has shown that Verwey 

and Overbeek’s expression (21) for the energy of a diffuse double-layer 
system can be cast in the form 


E = 6.1\/C[cosh (ye/2kT) — 1] ergs/cm., [10] 


where, as a first approximation, y is given by the Gouy Chapman expres- 
sion 


? 


YW = (2kT/e) sinh134/A;/C millivolts. [11] 
At room temperature 2k7'/e has the value 51.2, A; is the area per charge 
in A.?, and C is the concentration of electrolyte in molarities. Substituting 
for y into Eq. [10] gives 

E = 6.1V/C[cosh(sinh—134/A/C) — 1). [12] 
If C, and C, are, respectively, the electrolyte concentrations when spherical 


and cylindrical micelles exist, then the electrical energy change involved 
in the conversion is 


6.1[./C.{cosh(sinh134/A.V/C.) — 1} {(4/3)rk? + 2nXAL/R} 
—4/C,{cosh(sinh-1134/A ./Cs) — 1} {4X (8nAL/4r)?3}] X 107 erg, 


where A, and A, are the appropriate surface areas per unit charge. It is 
now assumed that the surface energy change involved in going from X 


290 N. PILPEL 


spherical micelles to one cylindrical micelle will be of a similar order. of 
magnitude to the electrical energy change in the same process. We may 
therefore write 


6.1[4/C.{ cosh(sinh134/A ./C.) — 1} {(4/3)rR? + 2nXAL/R} 
— /C,fcosh(sinh134/An/C.) — 1} {4X (BnAL/4m)2?}] X 10-18 
= Kypl(4/3)0R? + (2nXAL/R) — 4rX(8nAL/4r)**] X 107%. [13] 


K is a factor which depends on the relative magnitudes of the electrical 
and surface energy changes. As a first approximation it will be assumed 
that 0.1 < K < 10. Later it will be seen that when the appropriate values 
of the parameters have been substituted into Eq. [13] both the surface 
energy and the electrical energy of the one cylindrical micelle can be 
less than that of the X spherical micelles. This decrease in free energy 
shows that the cylindrical micelles will then be the favored form. 

Equation [13] contains too many unknowns to be of much value on its 
own. A second relationship must therefore be sought which can be used 
in conjunction with it. The most likely line of approach seems to be offered 
by considerations of micelle stability. 

The stability of a micelle has already been seen to depend on the relative 
magnitudes of the two forces—Coulombic and van der Waals’—which 
act in it, and it is thus necessary to derive a “stability of micelle” equation 
in terms of these two quantities which must also be satisfied if the process 
pictured is to have physical significance. 

A micelle is stable provided that the work involved in introducing a 
further molecule into it, given by the expression ef — W — kT’, is zero, 2.e., 


ey —W —kT =0, 


where ¢ is the electronic charge, y the surface potential, k Boltzmann’s 
constant, T’ the absolute temperature, and W the van der Waals’ energy 
per molecule. The conditions of stability for a spherical and cylindrical 
micelle are thus, respectively, 


ey, —W, — kT = 0, 
ele -W. — kT = 0, 


where the subscripts s and c refer to the spherical and cylindrical forms, 
respectively. The surface potentials in the two cases are given by the 
Gouy equation (Kq. [11]): 


We = (2kT/e) sinh134/A./C0, 
We = (2kT'/e) sinh134/A./C. He] 


and combination of Eqs. [14] and [15] leads to 
W/W. = [2 sinh(134/A./C.) — 1]/[2 sinh(134/A,/C.) — 1]. [16] 


[14] 
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The left-hand side of Eq. [16] is the ratio of the average van der Waals’ 
energy between molecules when these are in the form of cylindrical and 
spherical micelles, respectively. This ratio is not directly ascertainable by 
measurement. From the recent work of Reich (22), however, it may now 
be inferred that this ratio can be equated to the fraction of hydrocarbon 
surface which is covered when one type of molecular aggregate turns into 
another. Employing Eqs. [3] and [6], we may write 


X[4r(8nAL/4r)! — nP] — [(4/3)rR? + (2nXAL/R) — nXP] 


W./W, = 
X[4r(8nAL/4r)i — nP| 


(17] 
or 


WW, 
= 1 — [(4/3)rR? + nX((2AL/R) — P)|/X[4e(3nAL/4n)23 — nP], [18] 


and combining Eqs. [16] and [18], 


[2 sinh(134/A.V/C) — 1]/[2 sinh(134/A,./C,) — 1] 
= 1 — [(4/3)rR? + nX((2AL/R) — P)|/X[4x(8nAL/4r)?3 — nP]. [19] 


Equation [19] is what has been termed the ‘‘stability of micelle”? equation. 
Used together with Eq. [13] it allows the following procedure to be adopted. 
Of the parameters occurring in Eqs. [13] and [19] the following are 
known from the literature: y,. = 52 ergs/cm.?, P = 20 A?2, A = 20 A.?, 
L = 1.25 A. per —CH,— group. Since it has been poatuleton that the 
centers of both the spherical and cylindrical micelles are completely oily, 
it follows that both R and r must be less than 1.25N, where N is the number 
of —CH,— groups in the soap molecule. Equation [1] then requires that 


n > 4n(1.25N)2/3A. 


The magnitudes of the remaining unknown parameters are restricted 
by several other considerations. Firstly, since it has been postulated that 
spherical micelles turn into cylindrical ones as the concentration of elec- 
trolyte is increased, it follows that C, must be >C’, . Secondly, if Eq. [19] 
is put in the form F = G + H/X, it is seen that for X to be a positive 
number >1, G must be only slightly smaller than /’, and the signs of 
(F — G) and H must be the same. Thirdly, since A, is unlikely to be 
greater than 150 A.?, and since it is found experimentally that C, > 1.1, 
F must be a positive quantity. Thus negative values of G will be inadmis- 
sible, since they would require X also to be a negative quantity. Finally, 
the values of n, X, and R which satisfy Eq. [19] with all the above restric- 
tions in mind must still satisfy the requirements of Eq. [13]. This last 
restriction has been found of value in deciding between several possible 
combinations of cylinder dimensions for a particular soap system. 
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TABLE I 
Variation in Area per Charge with Dimensions of Spherical Micelles 
For spherical micelles area/charge, As = 4n(3nAL/4r) 3/n. 


iL n As ie n As 1G n As 
15 10 104 20 10 124 25 10 144 
15 15 88 20 15 106 25 15 124 
15 20 80 20 20 97 25 20 112 
15 30 70 20 30 85 25 30 98 
15 50 59 20 50 71 25 50 83 
15 80 50 20 80 61 25 80 71 


It has been found convenient, in working through the parameter com- 
binations which satisfy both Eqs. [13] and [19], to prepare Tables I and II, 
which give the values of A, and A, for the various values of n, X, L, 
and R. 

With the aid of these tables it is then possible to draw up a scheme 
which is illustrated briefly in Table III. 

For any particular combination of n, X, L, and R the value of the right- 
hand side of Hq. [19] is expressed in the form (G + H/X). Substituting 
in a value of X and taking the corresponding value of A, and A, from 
Tables I and II, respectively, we are then able to evaluate C, from Eq. 
[19], C. being the experimentally determined concentration of electrolyte 
which produces the viscoelastic gel. Only if C, turns out to be > C, is it 
necessary to substitute for all the parameters to see if Eq. [13] is also 


satisfied. Provided both equations are satisfied, the parameter combina- 
tion is “possible.” 


TABLE II 
Variation in Area per Charge with Dimensions of Cylindrical Micelles 
For cylindrical micelles area/charge, A, = [(4/3)rR? + 2nXAL/R]/nX. 


nX L R Ac nX L R Ae nX L R Ae 
100 15 15 49 200 20 10 82 400 25 8 126 
100 20 15 63 200 25 10 102 400 15 6 100 
100 25 15 76 200 15 8 76 400 20 6 134 
100 15 10 64 200 20 8 101 400 25 6 167 
100 20 10 84 200 25 8 126 800 15 15 41 
100 25 10 104 200 15 6 101 800 20 15 55 
100 15 8 78 200 20 6 134 800 25 15 68 
100 20 8 103 200 25 6 167 800 15 10 61 
100 25 8 128 400 15 15 42 800 20 10 81 
100 15 6 102 400 20 15 56 800 25 10 101 
100 20 6 135 400 25 15 69 800 15 8 75 
100 25 6 168 400 15 10 61 800 20 8 100 
200 15 15 45 400 20 10 81 800 25 8 125 
200 20 15 58 400 25 10 101 800 15 6 100 
200 25 15 ql 400 15 8 76 800 20 6 134 
200 15 10 62 400 20 8 101 800 25 6 167 
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TABLE III 
Parameter Combinations Applied to Equations [13] and [19] 
n > Gr Be R (G + H/X) Ae As Ce (Gi Remarks 


3 20 15 (0.46 — 0.46/X) 63 82 0.25 0.40 Impossible (1) 
5 20 10 (0.22 — 0.27/X) 84 97 0.25 0.24 Impossible (4) 
20 5 20 8 (—0.04 — 0.18/X) 103 97 
0 
6 


0.25 — Impossible (2) 
1ORMOL 20% £8 (O22) =" 027/X:) 103" 124°°0.25 "0.16 Impossible (4) 
33 20 10 (0:03 —-0.21/X) (82. 82. 0:25-—=— Impossible (8) 
Bo a, 68 20)) 8=4(—0.32 —10.14/X) 101. 820.25. — Impossible (2) 
20 10 20 9 (0.21 — 0.26/X) 82 97 0.25 0.24 Possible 
2010 20 8 (—0.04 — 0,18/X) 101 97 0.25 — Impossible (2) 
20 20 20 10 (F225 —" 0127/7) 81 97 0725) 0728 Impossible (1) 
10 40 20 15 (0.68 — 0.92/X) 56: 124 0.25 0.32 Impossible (1) 
10 40 20 9 (0.32 — 0.35/X) 89 124 0.25 0.22 Impossible (4) 
20 40 20 10 (08225 — 0327/2) 81 9% (05251),027 Impossible (1) 


. Because C. < Cs: 

. Because (F — G) and H have opposite signs. 
. Because C, becomes negative. 

. Because Eq. [13] does not hold. 


Bw hd 


At this point it is necessary to consider in a little more detail what is 
meant by the quantity C, . Strictly speaking the C occurring in the Gouy 
equation (Eq. [11]) refers to an ideal uni-univalent electrolyte, the con- 
centration being sufficiently low for subsidiary anion adsorption onto the 
micelle to be negligible. Whereas these ideal conditions have clearly not 
been attainable in the present work, it is nevertheless logical to think 
that the results for the uni-univalent hydroxide and chloride will be more 

applicable to Eqs. [13] and [19] than will be those for the divalent carbonate 
or the trivalent phosphate. On the other hand, it has been noted that for 
all three soap systems now studied—oleate, oleylsulfate, and elaidate— 
the ratios of the molarities of univalent, divalent, and trivalent anions 
producing the viscoelastic maxima are proportional very nearly to 1.4/ 
1.0/0.9. This is illustrated in Table IV. 

This proportionality holds both for the sodium and for the potassium 
soaps; it has not been found explicable in terms of cation activities alone. 
Nevertheless it enables an ‘‘idealized” C, to be calculated for the gels 


TABLE IV 
Electrolyte Concentrations Producing Viscoelastic Maxima 
Anion Na oleate K oleate Na oleylsulfate Na elaidate 
Molar Molar Molar Molar 
(iy 0.48 Wall 0.25 0.34 
CO;” 0.38 0.8 0.16 0.25 
Pow 0.36 Onda 0.13 0.22 


Mean values: Uni-/Di-/Trivalent: :1.4/1.0/0.9. 
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produced by polyvalent anion electrolytes. Thus in the case of Na oleate, 
0.38 M NasCO; produces the viscoelastic gel, but for the purpose of 
substitution into Eqs. [13] and [19] the value of C, is taken as 0.53, 1.¢. 
0.38 X 1.4/1.0. This procedure enables the results for all the different 
electrolytes to be reduced in effect to one. The errors are considered 
negligible in view of the semiquantitative nature of the analysis involved. 

Taking C, as 0.48, 0.34, and 0.25, respectively, for the Na oleate, elaidate, 
and oleylsulfate systems, and working through the scheme of Table III 
over the range nX = 100 to 800, it was found that only the values of the 
parameters shown in Table V satisfied, to the right order of magnitude 
assumed for K, both Eq. [13] and [19]. (The figure of about 10~” erg for 
transforming 200 molecules in 10 spherical micelles into 1 cylindrical 
micelle implies that about 70 cal./gram-mole are involved in the conversion 
of one micelle type into the other. This is of the order expected for van der 
Waals’ as opposed to chemical energy changes.) 

The treatment outlined is not claimed to be more than semiquantitative 
in view of the several assumptions that have had to be made. Nor clearly 
is it an exhaustive one. Although isolated values of nX, e.g., 2000, 5000, 
10,000, did not yield satisfactory parameter combinations, it seems possible 
that, had the range been extended systematically, others might have been 
discovered. On the other hand, the results show that one important con- 
clusion can be drawn: For the oleylsulfate and elaidate soap gels only 
a very limited number of cylindrical micelle types is possible; in the range 
considered, only one. For the oleate soaps, however, this number is in- 
creased, in the same range, to four. This conclusion of the existence of two 
different gel types—the one essentially homogeneous, consisting of only 
one type of cylinder, the other essentially nonhomogeneous and containing 
several different types of cylinders—leads very satisfactorily to an ex- 
planation of the following observed experimental facts: 

1. The viscoelasticities of the oleylsulfate and the elaidate systems 
were very similar to each other but were markedly higher than those for 
the oleate systems. Measurements in the Weissenberg rheogoniometer 


TABLE V 
Satisfactory Parameter Combinations 
Equation (13) 
Soap ta 2 L R_ L.H.S. X 108, R.H.S. X 1012, K order of mag. 
ergs ergs 

Na oleylsulfate 2010" 20a 9 —5 —6 0.1 
Na elaidate 20 10 20 9 —8 —6 0.1 
Na oleate 20 5) 20510 —3 —7 0.1 

20 10 20 9 —ll —6 0.1 

TOR 205320 8 —12 — 20 0.1 

Sone 2ee20 lO —34 —2 1 
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gave, for the former systems, a recoverable shear of the order of 20% 
and a relaxation time of the order of 0.02 sec., and for the latter systems a 
recoverable shear of the order of 4% and a relaxation time of the order 
of 0.002 sec. This considerable decrease in elastic properties could well be 
ascribed to the presence in the latter gels of weak links consisting either 
of short thin, or short fat, cylinders. 

2. Under the influence of shearing forces or mechanical agitation a 
monodisperse, homogeneous gel would be expected to be more stable 
than a nonhomogeneous one. It was in fact found that the oleylsulfate 
systems were more stable to outside influence than were the oleate systems. 

The picture of a relatively small, thin cylindrical micelle consisting of 
only a matter of hundreds of soap molecules differs from suggestions in 
the literature that the most probable form is one in which the cylinder 
has a radius equal to the length of the soap molecule and contains several 
thousand molecules. The observation that a temperature rise of only 5° 
is sufficient to destroy almost completely the elastic properties of all the 
soap gels supports the idea of small micelles, appreciably influenced by 
thermal Brownian collisions. 

It is possible to evaluate the relative changes in the van der Waals’ 
and the Coulombic energy terms in the conversion of 10 spherical micelles, 
each containing 20 molecules of Na oleylsulfate, into 1 cylindrical micelle 
of radius 9 A. 

From Equation [17] 


[(4/3)m(9)” + 200{(2 x 20 x 20/9) — 20}] 
10[47(3 X 20 X 20 X 20/47)? — 400] 


W./W,=1- 


or 
W./W,. = 10. 

This shows that the van der Waals’ energy per molecule decreases by 

about 90 % in going from spheres to cylinders. 

The change in Coulombic energy involved in the conversion is obtained 
by considering Eq. [13]. From the left-hand side of Eq. [13] the total 
Coulombic energy of X spheres is 
6.1 [\/0.19 {cosh(sinh—134/97+/0.19) — 1} 

{40r(3 xX 20 X 20 X 20/47)?/*}] x 1076 


i.e., 12.1 X 10~” erg, whereas of the one cylinder it is 
6.1[4/0.25 {cosh(sinh*134/90+/0.25) — 1} {(4/3)m(9)° 


2% 20 X - x 20 X a, x 107, 


i.e. 11.6 X 10-” erg. Hence in the same process the Coulombic energy 
decreases by about 5%. This decrease in both the van der Waals’ and the 


4+ 
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Coulombic energy in going from spheres to cylinders accounts for the 
greater stability of the cylindrical form at the electrolyte concentration 
producing gelling. 

The micelle model proposed enables a number of other experimental 
observations to be logically explained. These are now discussed. 


Flow Birefringence 


It was found that at electrolyte concentrations producing maximum 
gelling, slight flow birefringence could be detected by subjecting the 
materials to shear in the standard form of coaxial cylinder apparatus. 
The effect, however, was too small to be measured quantitatively. Attempts 
to magnify it by increasing the rate of shear to large values. only led to 
gel breakdown. No birefringence at lower electrolyte concentrations was 
detectable. This finding favored the view of a change from spherical to 
cylindrical micelles as the electrolyte concentration was increased. 


Effect of Chain Length of Soap on Viscoelastic Properties 


The soaps derived from octadecene combine a sufficiently high solubility 
in water with a carbon chain long enough for viscoelastic gels to be pre- 
pared. Unfortunately, it was not found possible to obtain the lower homo- 
logs in any state of purity, while the higher homologs, e.g., erucic acid, 
are only very sparingly soluble in water. To explain the effect of chain 
length on gel properties in terms of the model adopted, it is therefore 
necessary to procede by inference. Experiments on Na tetradecyl and 
dodecyl sulfate showed that viscous, but nonelastic, and unstable gels are 
formed at approximately 0.4 and 0.6 M NaCl, respectively. An approxi- 
mately 80 %/20% mixture of oleic and hexadecenoic acids gives an elastic 
gel at approximately 0.65 M NaCl, whereas a similar mixture of oleic 
and erucic acids gives an elastic gel at approximately 0.35 M NaCl. Thus 
it is seen that the quantity of electrolyte for gelling, C, , is increased as the 
chain length of the soap is decreased. If one assumes that C, is approxi- 
mately equal to 0.35 for Na dodecenyl sulfate, in which L = 15 A., it is 
found that in the range nX = 100 to 800 there is not a single combination 
of parameter dimensions that satisfies both Eqs. [13] and [19]. This means 
that cylindrical micelles, and hence elastic properties, cannot develop 
when the soap chain contains only 12 carbon atoms. For a chain of 20 
carbon atoms, however, L = 25 A., and C, will be less than 0.25; once 
again a limited number of cylindrical micelle types will be possible. A 
detailed analysis has not here been embarked upon, however. 

The effect of chain length on elastic properties of the gels is illustrated 
by the results obtained on octadecene soap systems to which have been 
added small amounts of soaps possessing both longer and shorter carbon 
chains. One part in 10 of the appropriate saturated C-12 soap leads to a 
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considerable diminution, while 1 part in 10 of the C-20 soap produces a 
slight increase in the elastic properties. As is to be expected, addition of the 
C-16 or C-18 soap has little effect. It is thus seen that, qualitatively at any 
rate, Schulman’s conclusion (16) that in aqueous solutions elastic gels are 
produced only when the soap chains contain 16 or more carbon atoms is 
reasonably explained by the rather approximate treatment discussed above. 


Effect of Addition of Long-Chain Alcohols 


Following the pioneer work of Rideal and his co-workers, Schulman and 
Cockbain (23), Harkins and Mittelmann (13) and others have now clearly 
established that solubilization by soaps of long-chain alcohols takes place 
as a result of oriented penetration of the alcohol into the soap micelle. 
It gives rise to two effects. Firstly, owing to hydrogen bonding between 
the —OH and the —COOH polar heads, the water affinity of the latter 
groups is decreased, and in this way salting out of the complex micelle 
occurs at a lower concentration of electrolyte than that for the simple 
micelle. Secondly, since the alcohol molecules are not charged, their entry 
into the micelle leads to an increase in both A, and A.. The present in- 
vestigation shows that the octadecene soaps solubilize a maximum of 
approximately one-tenth of their weight of oleyl alcohol. Using the sub- 
script a to indicate a complex soap/alcohol micelle, it follows that for a 
spherical micelle containing 20 molecules of chain length ZL = 20 A., 
A, = 97 A? and Asa = 107 A.2. When 10 of these micelles aggregate to 
form a cylinder of radius 9 A., we have A, = 90 A? and A.q = 99 A.*. 
If the surface area of an —OH group is assumed to be the same as that 
of a —COOH group, it follows from Eq. [19] that 


[2 sinh *(134/A»/C.) — 1] _ [2 sinh “(134/AwWVCoo) — 1] 
[2 sinh” *(134/A,~/C.) — 1] = [2 sinh “(184/AsaW/Cua) — 1 


and by substituting in values for Na oleyl sulfate, Ca = 0.19 M. The 
difference between this and the observed value of 0.14 M is due to hydrogen 
bonding effects. It is seen that the hydrogen bonding is quite small for this 
system. 

In the analysis already outlined the replacement of C, = 0.25 (no 
alcohol present) by Ceca = 0.14 (alcohol present) does not alter the fact 
that only a very limited number of cylindrical micelle types is possible. 
Hence, the presence of oleyl alcohol will not be expected appreciably to 
alter the elastic properties of the gels produced. This is found to be the 
case. 

Applying exactly the same treatment to the Na oleate systems, however, 
it is found that the difference between C, = 0.48 (no alcohol present) and 
Coa = 0.18 (alcohol present) is much greater. This means that the presence 
of oleyl alcohol in this system should lead to a reduction in the number of 
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different micelle types possible and should therefore produce an increase 
in elastic properties. Theoretically, since Cea for Na oleate is nearly equal 
to Cea for Na oleyl sulfate, one might expect the elastic properties of the 
two soaps containing oleyl alcohol to be equal. This was not found, the 
latter still being much higher. However, the presence of the oleyl alcohol 
did lead to some increase in the elasticities of the former systems, so that 
prediction and observation were in qualitative agreement at least. 

When short-chain alcohols are added to soap systems, there must be a 
diminution in the radii of both the spherical and cylindrical micelles in 
order for the centers to remain completely oily. This has actually been 
confirmed experimentally (13). One would therefore expect elastic proper- 
ties to be reduced. It was in fact found that 1 part in 10 of ethanol, propanol, 
or butanol almost completely destroyed the elasticity. 


Effect of Perfluoro-Soaps 


It has been seen that the micelle structure occurring in viscoelastic gels 
depends both on Coulombic forces, which may be influenced by addition 
of inorganic ions or alcohols, and on van der Waals’ forces, which may 
be influenced by varying the chain length of the hydrophobic tails. An 
alternative method of altering the van der Waals’ forces is by introducing 
—CF,.— chains into the oily centers of the micelles. 

It was found that addition of 1 part in 20 of perfluoro-hexanoate to 
oleate soaps produces almost exactly the same diminution in elastic proper- 
ties as the same amount of laurate, while addition of 1 part in 20 of 
perfluorooctanoate or perfluorodecanoate has practically no effect. This 
shows that the van der Waals’ forces in a C,F2,4,COO’ compound are 
almost exactly equal to those of the corresponding ConH4ny2COO’ com- 
pound, and is therefore in agreement with the findings of Davies (24), 
who carried out surface potential measurements on these compounds. 
There are no data available for the dimensions of a —CF.— chain, and it 
is thus not possible to apply the above analysis to these results. Qualita- 
tively, however, it appears that the —CF,.— chains bind the hydrophobic 
portions of the micelle more firmly together than the corresponding —CH,— 
chains and thus increase the ‘“‘strengths” of the cylinders. 
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SUMMARY 
Viscoelastic gels are formed by the addition of electrolytes to aqueous 


soap solutions. The formation of such gels cannot be described by strictly 
thermodynamic reasoning owing to the number of factors involved and the 
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probable metastability of the systems themselves. By making a number 
of semiquantitative assumptions, however, equations may be derived 
which permit the explanation of gel formation in terms of the conversion 
of the soap from the form of small, detached spherical micelles into long, 
interlinked cylindrical micelles. One possible type of cylindrical micelle 
is thought to have a radius of about 9 A. and a length of about 200 A. 

The mechanism proposed reasonably explains the gel properties of the 
soaps of sodium oleate, elaidate, and oleylsulfate, and the influence on 
these properties of small amounts of long-chain alcohols, other soaps, and 
perfluoro-compounds. 
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ABSTRACT 


A theoretical relation has been derived for the equilibrium swelling of latex par- 
ticles. The equilibrium solubility and rate of solution of solvents were measured on a 
series of polystyrene latex fractions of varying particle size. The solvents used were 
styrene, toluene, and chlorocyclohexane. 

It was found, as predicted by theory, that the equilibrium amount of solvent im- 
bibed by latex particles is a direct function of the particle diameter and an inverse 
function of the interfacial energy at the surface of the particles. The molecular 
weight of the polymer has no effect on the equilibrium swelling, within the range from 
100,000 to several million molecular weight units. The rate of imbibition of these 
solvents appears to be extremely rapid, indicating that equilibrium solubility would 
appear to be maintained in most polymerization reactions. 

The fact that a particular solvent is a ‘‘good’”’ solvent for the polymer does not 
necessarily result in a greater swelling of the particles, since the solvent may show a 
higher interfacial energy against the aqueous phase. 

The soap titration method is best for determining the average particle size of a 
latex for purposes of predicting equilibrium swelling. 


INTRODUCTION 


It is generally agreed that the emulsion polymerization of water-insoluble 
monomers proceeds largely within the latex particles. These polymer par- 
ticles are generally capable of imbibing monomer, which is continually being 
converted to polymer. Hence, in any kinetic studies, the composition of the 
growing particles is of prime importance. Although it is well known that the 
polymer particles in a latex will absorb an equilibrium quantity of monomer, 
it has not been established whether such an equilibrium is reached or 
maintained during the course of polymerization. Harkins (1) has pointed 
out that the attainment of such an equilibrium would depend on the relative 
rates of polymerization and diffusion of the monomer from the free mono- 
mer phase to the particles. However, no data are available on these relative 
rates in any of the systems studied. Furthermore, in the case where an 
equilibrium quantity of solvent is absorbed by a latex, the factors governing 
this equilibrium have not been well established. 


_* Presented at the 122nd National Meeting of the American Chemical Society, 
Division of Polymer Chemistry, Atlantic City, New Jersey, September, 1952. 
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Certain approximate values for the equilibrium monomer-polymer ratio 
have been determined for several different systems, both in this laboratory 
(2) and elsewhere (3, 4), mostly in the course of kinetic studies. However, 
the variations which may be expected in the composition of these monomer- 
polymer particles and the parameters which control this composition have 
not been studied sufficiently. Smith (3) indicated what appeared to be a 
trend toward greater solubility of styrene in polystyrene latex of larger 
particle size. Harkins et al. (4) showed that the monomer-polymer ratio in 
a polystyrene latex decreased during the progress of a polymerization. A 
study of the factors governing this phenomenon has been made by Mee- 
han (5). In the course of his investigation, Meehan found that the equilib- 
rium solubility of monomer in the polymer particles was a minor function 
of the molecular weight of the polymer or the amount of emulsifier on the 
surface of the particles, but appeared to be very dependent on the size of 
the particles. However, the available data are insufficient for definite con- 
clusions on these points. 


THEORETICAL CONSIDERATIONS 


It is obvious that the phenomenon of equilibrium swelling of a latex 
particle in the presence of free solvent is analogous to the equilibrium swell- 
ing of a polymer network and can be treated in a similar fashion to the 
treatment of swelling (6, 7). If no networks are present in the polymer 
particle, the restraining force which counterbalances the swelling force is 
simply the interfacial free energy between the latex particle and the aque- 
ous phase. Hence, when the swollen particle is in equilibrium with free 
solvent, the following conditions exist: 


; AR AF i AP; = 0 [1] 
where AF’; = partial molar free energy of the solvent; 
AF ,, = osmotic contribution to AF; 


AF, = interfacial free energy contribution to AF). 
The evaluation of AF’,,, can be carried out by the familiar Flory-Huggins 
expression, viz.: 


AF = RT [ina =e (1 eS Nn 1 w| 


where v» = volume fraction of the polymer in the swollen particle; 
nm = number average degree of polymerization; 
uw = polymer-solvent interaction parameter. 

The value of AF, can be deduced from a consideration of the increase in 
size of the interface as a function of the particle size and type of solvent. 
Thus, if r is the radius of the particle at swelling equilibrium, then let dr 
be the increase in radius caused by the imbibition of dn moles of solvent. 
The increase in surface area would then be 8zrdr, and the increase in inter- 
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facial energy would be 8ardry, where y is the value of the interfacial 

energy at swelling equilibrium. At the same time the increase In volume 

would be4r2dr, which can also be written as dnM/p where M is the molec- 

ular weight of the solvent and p is its density. From this it follows that 
2 dnMy oe 2 dnViy 


Sardry = or Pp ? 


where V; = molar volume of solvent. 
Hence the partial molar free energy contribution due to interfacial free 
energy can be expressed as 
— 2Viy 


AF, = { [2] 
y 


At equilibrium, therefore, it follows from Eq. [1] above that 


OP = — [In(1 — 09) + vet a 3 
at high values of polymer molecular weight (n). Thus for a given polymer- 
solvent system, the swelling equilibrium of a latex particle should be a 
function only of its size, provided the interfacial energy is a constant 
quantity. Under such conditions, it should be possible to evaluate both yp 
and y from a series of measurements, using the linear relation 


ah In = V2) + v2 


V_" 


2V1 

u RT rv? 

With the above considerations in mind, a study was carried out of the 
equilibrium swelling of polystyrene latex particles by several solvents, as 
well as of the rate of swelling. In this study an attempt was made to main- 
tain the interfacial tension (7) at a constant value for any given solvent. 
Furthermore, to avoid complexities introduced by the distribution of 
particle sizes, the study was carried out on relatively homogeneous fractions 
of the latex obtained by fractional creaming. 


=e [4] 


EXPERIMENTAL PROCEDURES 
Materials 
The materials used in preparing the polystryrene latex and in the frac- 
tionation and solubility work were as follows: 
Distilled water, boiled to remove dissolved oxygen and stored under 
nitrogen. 
Nitrogen, Linde high purity. 
Styrene, Dow Chemical Co., distilled at reduced pressure to remove 
inhibitor. 
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Potassium laurate, prepared from Matheson lauric acid and recrystallized 
twice. 

Potassium persulfate, reagent grade. 

Sulfole mercaptan, as supplied by Phillips Petroleum Co. 

Potassium chloride, reagent grade. 

Diisopropylbenzenemonohydroperoxide, as supplied by Hercules Powder 
Co. and stated to contain 50 % active peroxide. 

Teiraethylenepentamine, as supplied by Carbide and Carbon Chemicals 
Corp., was distilled at 5 mm. pressure and the fraction of b.p. 174- 
178°C. was used. 

Toluene, reagent grade. 

Chlorocyclohexane, Eastman, b.p. 142-144°C. 

Ammonium alginate, ‘““Superloid’”’ made by Kelco Co. 


Preparation and Fractionation of Latex 


Since substantial amounts of latex were required for this work, it was 
thought desirable to use the main fractions from latices specially prepared 
to yield an average particle size close to the desired size. The recipes used 
and the results obtained are shown in Table I. The term D, refers to the 
average particle diameter obtained by soap titration, and D,, refers to that 
obtained by light scattering, as described below. Latex 106 was made for 
the purpose of obtaining a latex of the same particle size as Latex 102, but 
having a much lower molecular weight in the polymer, owing to the pres- 
ence of the chain-transfer agent (Sulfole). 

The above latices were subjected to fractional creaming by ammonium 
alginate, in order to obtain more homogeneous fractions. The fractiona- 
tions were carried out in such a way as to remove the small particle size 
“tail” in the serum and the large particle size “head” in the cream. This 
made it posible to obtain a main fraction, representing between 20% and 


TABLE I 
Preparation of Polystyrene Latex 
Latex no. 

103 102 106 104 
Water 180 180 180 180 
Styrene 30 100 100 100 
Potassium laurate 5 5 5 1 
Potassium persulfate — 0.3 0.3 0.1 
Sulfole mercaptan = — 0.3 
Potassium chloride 0.5 — — — 
Diisopropylbenzenehydroperoxide 0.2 “= — — 
Tetraethylenepentamine 0.2 — — — 
Temp. °C. 30 50 50 50 
Avg. particle diam., D, (A.) 290 600 600 1600 
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50% of the original latex, and having a particle diameter close to the 
average diameter of the original latex. The amount of alginate required was 
determined for each latex and varied from 0.05% to 0.40% (based on 
latex weight). In each fractionation, the cream (bottom layer) was separated 
from the serum by centrifuging at 5000 r.p.m. for 1 hour, after which the 
serum could be easily decanted. For the creaming process, each latex was 
adjusted to a dry polymer content of about 10%. 

In the case of Latex 102, in addition to obtaining a main fraction (having © 
a particle diameter of ca. 800 A.), another smaller fraction was obtained 
(having a particle diameter of ca. 400 A.). This was done in order to obtain 
data on the effect of particle size on polymer molecular weight in the 
same latex. 


Particle Size Determination 


The particle size of the original latex was determined by the soap titra- 
tion method of Maron et al. (8), whereas the particle size of the latex frac- 
tions was determined by means of light-scattering measurements with a 
Beckman Du spectrophotometer, using the method described by Maron 
and Ulevitch (9). The soap titration method, which measures the volume- 
to-surface ratio of the latex particles, ordinarily yields an average diameter 
of a polydisperse latex which is referred to as a volume-to-surface average 
(D,). It is defined as 


ph =n; iD¥e 
: ZN; D2" 
The light-scattering method, on the other hand, yields a weight-average 
particle diameter (D,,) defined as 


D; = a zh. 
> Ni D3 

Since the latex fractions were assumed to be relatively uniform with re- 
gard to particle size, the average diameter should be the same by any 
method of measurement. As a means of testing the monodispersity of the 
latex fractions, an attempt was made to measure the particle diameters by 
the soap titration method as well. However, it was found that the alginate 
apparently interferes with this method by occupying part of the surface of 
the particles, thus leading to low results in the calculation of surface area. 
This was indicated by the fact that a determination of the initial soap 
present in the latex fraction, by conductimetric titration (10), showed 
consistently higher results (moles soap per gram polymer) than found for 
the original unfractionated latex. Since the fractionation involves several 
dilutions of the latex, it might be expected that the soap content would be 
lower in the final fraction, owing to desorption from the surface of the 
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particles. Hence it is strongly indicated that the alginate is interfering with 
the determination of soap content of the latex fraction, since ammonium 
alginate can react with the strong acids and bases used in this determina- 
tion. 

Under these conditions, it was impossible to determine the particle size 
of the latex fractions by soap titration. However, the fact that the creaming 
of the latex was quite sensitive to alginate concentration was an indication 
that relatively narrow fractions were obtained. 


Interfacial Tension Measurements 


Surface tension and interfacial tension measurements were done with the 
duNouy Tensiometer. The surface tension measurements on latex were 
required for establishing the extent to which the surface of the particles was 
covered with soap molecules. In this way a latex was considered “saturated” 
with soap when the minimum surface tension value was attained. 

Measurements of the interfacial tension between the latex (aqueous 
phase) and the swelling solvent were carried out in an attempt to evaluate 
the interfacial energy (y) at the surface of the swollen latex particles. Since 
these swollen particles generally contain a high proportion of polymer (up 
to 50 % by weight), it was also necessary to determine the interfacial tension 
between the latex and appropriate polymer solutions. However, with high 
molecular weight polystyrene, it is not possible to obtain fluid solutions 
containing more than about 10% polymer. In order to test the effect of 
higher concentrations of polymer on the interfacial tension of the solution, 
it was necessary to prepare polystyrene of lower molecular weight, by bulk 
polymerization with benzoyl peroxide. This polymer yielded a fluid solution 
in styrene or toluene at a concentration as high as 40 %. Neither the high 
nor the low molecular weight polymer showed any appreciable effect on the 
measured interfacial tension between the latex and the solvent; hence the 
values of y used were those obtained for the given solvent. 


Solubility Determination 


The equilibrium solubility of the solvents in the latex was measured as 
follows: 


Twenty-five milliliters of the latex (diluted to a polymer content of about 10%), 
together with an excess of solvent, was placed in a 40-ml. centrifuge tube. The tube 
was closed with a cork stopper and shaken for 1 hour, which was found to be ample 
for the attainment of equilibrium. Then a 4-in. hypodermic needle was inserted 
through the cork so as to reach almost to the bottom of the tube. The latter was 
centrifuged at 2000 r.p.m. for 30 minutes, resulting in a separation of the free solvent 
as the top layer. Then 10 ml. of the solvent-saturated latex was withdrawn through 
the needle by a hypodermic syringe, and transferred to a 100-ml. flask which was at- 
tached to a small distillation assembly. A few drops of acid were added to the latex 
(to prevent foaming), the latex frozen in a dry-ice mixture, the apparatus evacuated 
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and sealed off. The solvent was then steam distilled over a steam bath, the solvent- 
- water mixture being condensed in the receiver at ice-water temperature. The re- 
ceiver was actually a long section of 7-mm. glass tubing, so that the amount of solvent 
could be read volumetrically. The solvent-water interface was quite sharp and the 
height of the solvent column could be read within 0.5 mm., representing 0.01 ml. 
Since the amount of solvent varied from 1 to 4 ml., this reading represented an accu- 
racy of at least 1%. The distillation generally took about 4 hours, to ensure the collec- 
tion of the last traces of solvent. : 


An important part of this work was the measurement of the swelling of 
latex particles whose surface was saturated with a monolayer of soap mole- 
cules. In order to do this, the above procedure was modified somewhat. 
First of all, the latex was titrated with soap, tensiometrically, to determine 
the amount of soap (potassium laurate) required to saturate the surface of 
the particles. Then the soap-saturated latex was saturated with the solvent 
as described above. However, as might be expected, the swollen particles 
should require additional soap to saturate the enlarged surface. Hence, an 
aliquot portion of the centrifuged latex was withdrawn through the needle 
and titrated with a soap solution to the minimum surface tension value. The 
correct amount of soap was then added to the whole sample of latex and 
the latter again shaken with excess solvent. This process was repeated until 
the surface tension values of the latex showed that no further addition of 
soap was required. This stepwise process was used in order to avoid having 
an excess of soap present at any time, since soap micelles might form and 
solubilize additional solvent. To minimize latex dilution, a 5% soap solu- 
tion was used. Prior to use, the latex was neutralized to a pH of 10 to en- 
sure that none of the soap was present as free fatty acid. 

To determine the rate of solution of a solvent in the latex, 10 ml. of the 
latex (containing 1 g. polystyrene) was shaken in a graduated centrifuge 
tube with 3.5 ml. of the solvent, at about 160 strokes per minute, for varying 
periods of time. After each shaking period, the tube was centrifuged for 5 
minutes at 2000 r.p.m. and the volume decrease of the solvent layer was 
noted. It was possible, at the beginning, to obtain a very sharp interface 
between the solvent and latex, so that the volume readings were accurate 
to within +0.02 ml. However, after about 1 hour of shaking, the interface 


became progressively more diffuse, decreasing the accuracy of the reading 
to +0.05 ml. 


Molecular Weight Determination 


The molecular weight of the polystyrene in each latex fraction was 
determined by measuring the intrinsic viscosity of the polymer in benzene 
at 30°C. The polymer was obtained by coagulating the latex in isopropanol. 
The viscosity measurements were carried out in a modified Ubbelohde 
viscometer, designed to permit several dilutions of the original benzene 
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solution. In order to relate the intrinsic viscosity to the desired number- 
average molecular weight the following relation (11) was used: 


M,, = 178000 [n]!*. 
This equation applies to polystyrene obtained at low conversions in bulk 
polymerization, but is sufficiently accurate for the molecular weight differ- 
ences encountered in this work. 


RESULTS 
Rate of Solution of Toluene in Polystyrene Latex 


The rate at which toluene is imbibed by a polystyrene latex is shown in 
Table II. This solvent was chosen for this work since it is close to styrene in 
molecular size and structure. Furthermore, if the diffusion rate seriously 
affects the solution rate, then this should be more apparent for a relatively 
large molecule like toluene, which is bigger than that of most monomers en- 
countered. 

It can be seen that the saturation of the latex with toluene is virtually 
complete after the first half-hour of agitation. This agrees with the findings 
of Meehan (5) that butadiene can saturate a polybutadiene latex within a 
period of 20 minutes. The result is not surprising in view of the enormous 
surface area presented by the polymer particles toward the diffusing solvent 
molecules. Hence it appears that the diffusion rate of monomers into latex 
particles should not affect the rate of polymerization, since the particles 
can be kept in a saturated condition, except in some very extreme cases. 
For instance, from Table II it can be seen that a polystyrene latex particle 
can imbibe its own weight of toluene in about 10 minutes. A rate of 
polymerization sufficiently rapid to outstrip this rate of solution would not 
generally be encountered. Thus it can be assumed, in most cases, that 
latex particles are maintained in a state of equilibrium solubility with 
regard to any free monomer phase present, and that the monomer-polymer 
ratio in the particles during polymerization is represented by this equilib- 
rium solubility, as long as a free monomer phase exists. 


TABLE II 
Rate of Solution of Toluene in Polystyrene Latex 
(Latex fraction 102K, particle diam. 800 A., no added soap) 


Toluene absorbed 


Time (min.) (ml./g. polystyrene) % Saturation of latex 
5 : 1.00 61 
10 1.25 76 
15 1.40 ' 85 
20 1.55 94 
90 1.65 100 


210 1.65 100 
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Equilibrium Solubility in Polystyrene Latex 


To determine the factors which govern the phenomenon of equilibrium 
solubility in a latex, three solvents were used, 1.e., toluene, styrene, and 
chlorocyclohexane. The last solvent was chosen for the particular reason 
that it is a much “poorer’’ solvent than the other two, and should be ex- 
pected to have a higher u value. Its rating as a poor solvent was based on a 
comparison of the precipitation temperatures of polystyrene in toluene and 
chlorocyclohexane. Using a polystyrene of about 4.5 million molecular 
weight in a concentration in the vicinity of the theoretical critical volume 
fraction of polymer (12) (v2 crit. = x!” where x is the ratio of molar 
volumes of polymer to solvent), the precipitation temperature of the 
chlorocyclohexane was found to be about 260°K. compared to 160°K. for 
toluene, as determined by cooling experiments. Hence the chlorocyclo- 
hexane is a considerably poorer solvent than toluene. 

The equilibrium solubility values found for the three solvents in latex 
fractions of different particle size are shown in Table III. The measured 
interfacial tension between the latex and the solvents was the same in all 
cases. The value obtained was 14 + 1 dynes/cm. when the latex was 
“saturated”? with soap and 19 dynes/cm. when no soap was added (Frac- 
tion 102E). The marked effect of added soap on the equilibrium swelling of 
the latex particles is shown very clearly in a comparison of the solubility of 
styrene in Latex Fraction 102E. Saturation of the particle surface with a 
layer of soap permits the particle to imbibe more than twice as much sty- 
rene as it would without added soap. 

Fraction 106D was obtained from Latex 106, which was prepared specifi- __ | 
cally as a lower molecular weight polystyrene latex, in order to compare 
with Fraction 102E, which has a very similar particle size but a much 
higher molecular weight. The toluene solubility shows, as expected, that 
the polymer molecular weight is not a factor in the equilibrium solubility. 

Fraction 102I represents a smaller particle size fraction obtained from 
the same original latex as Fraction 102E. It was used solely for a com- 
parison of the molecular weight in large and small particles of the same 


TABLE III 
Equilibrium Solubility of Solvents in Polystyrene Latex 


Latex fraction no. 


103B 102E 102% 1021 104C 106D 
Particle diameter (A.) 370 800 800 370 1730 840 
Mol. wt. (VM, X 1078) 0.5 4.6 4.6 4.8 4.2 0.1 
Solubility at 25°C. (g./g. polymer) : 
Toluene 2.12 3.02 — = 4.15 ae ili 
Styrene 1.81 2.93 1.50 — 4.60 — 
Chlorocyclohexane 2.36 3.45 = — 3.92 — 


* Solubility measured with no added soap. 
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Fig. 1. Equilibrium swelling of polystyrene latex particles at 25°C. 


latex. The data show no appreciable effect of particle size on molecular 
weight. 

The equilibrium solubility data obtained for each solvent are shown 
plotted in Fig. 1 in accordance with Eq. [4]. This equation is, of course, based 
on the assumption that the interfacial free energy (vy) between the swollen 
particles and the aqueous phase is the same for all latex fractions and any 
given solvent, provided the surface of the particles is “saturated” with 
respect to soap. For the calculation of the volume fraction of polymer in 
the swollen particles (v,.) the specific gravity of polystyrene was taken as 
1.06 at 25°C. and the volumes of polymer and solvent were considered as 
additive. 

It can be seen from Fig. 1 that, for all three solvents, the experimental 
points lie on a straight line, as predicted by theory. From the slope and 
intercept of each line the following values can be obtained for the param- 
eters uw and y: 


Solvent BL y dynes/cm.) 
Styrene 0.43 4.5 
Toluene 0.48 Sth 
Chlorocyclohexane 0.53 Del 


The value of u for toluene can be compared with the one quoted in the 
literature (13) of 0.44. From this, and from the high value obtained for 
chlorocyclohexane, it can be inferred that the above p values are somewhat 
high. However, the fact that any reasonable values at all can be obtained 
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for this parameter on the basis of the assumption made supports the 
validity of Eq. [4]. The values for the interfacial free energy, y, are all 
markedly lower than the measured value (ca. 14 dynes/cm.) and indicate 
that the measured value obtained from a plane interface does not represent 
the true interfacial energy at the surface of these very fine particles. 

It is interesting to note the decreasing order of solvent power from sty- 
rene to chlorocyclohexane, which might have been predicted on the basis of 
available knowledge. This seems to be accompanied by a decrease in the 
interfacial free energy, so that the poorest solvent has the lowest value for 
interfacial free energy. Since polystyrene is a hydrocarbon polymer, it might 
be expected that a poorer solvent would be more hydrophilic and hence 
show a lower interfacial free energy. This opposing effect of u and y would 
help to explain why the poorer solvent, chlorocyclohexane, exerts a greater 
swelling effect on the smallest particles than does styrene. Obviously the 
higher surface-to-volume ratio in these smaller particles is the deciding 
factor. Conversely, for the largest particles, the smaller surface-to-volume 
ratio decreases the effect of the surface energy, and styrene, therefore, 
shows the highest swelling volume. The intermediate-size particles (800 A.) 
show a swelling volume which is not too different for all three solvents, 
apparently owing to a balance between the opposing effects of the u and y 
factors. 


Discussion 


The experimental data show that, for any given solvent, the equilibrium 
solubility in latex particles is governed solely by the size of the particles and 
the interfacial energy between the particles and the aqueous medium. Thus 
the amount of solvent imbibed by the particles is a direct function of the 
particle size and an inverse function of the interfacial energy, in accordance 
with Eq. [3] as predicted by theory. 

The swelling of a latex particle by different solvents depends not only on 
the type of solvent (u factor) but on the effect of the solvent on the inter- 
facial free energy of the particles (vy). Thus in the case of a hydrocarbon 
polymer such as polystyrene, a better solvent apparently shows a higher 
interfacial energy; hence the expected increase in swelling is not obtained 
in the case of the smaller particles, where the increased interfacial energy 
overrides the increased solvency effect. However, this relation between p 
and y may not hold for other polymers, especially those with polar func- 
tional groups. 

It is interesting to consider the effect of Eq. [3] on the monomer-polymer 
ratio in latex particles during the course of an emulsion polymerization, 
since it can be assumed that the particles are maintained in a saturated or 
near-saturated condition as long as any free monomer phase exists. For any 
given system, the expression on the right side of Kq. [3] varies directly as 
the interfacial free energy (vy) of the particles and inversely as their radius 


SWELLING OF LATEX PARTICLES 311 


(7). During the course of a polymerization the particles increase in size, 
leading to an increase in y, since the total amount of soap in the system is 
constant. If it is assumed that y is thus directly proportional to the surface 
area of the particles, i.e., proportional to r?, then the expression on the 
right side of Eq. [3] is directly proportional to r. Hence, over a period of 
polymerization when the conversion is doubled, the radius of the particle 
only increases by a factor of about 1.25, i.e.,.an increase of about 25%. 
Since the function — [ln (1 — v.) + v2 + uv,?] increases about two or three 
times as rapidly as v2 (when u~ 0.45), then, in the above case, v2 can be 
expected to increase about 10 % for a 100 % increase in particle weight. This 
helps to explain why, during any given polymerization, the monomer- 
polymer ratio in the particles changes very little, as long as a free monomer 
phase exists. 

It is also interesting to note the effect of particle size on molecular weight 
of the polymer formed. According to the Smith-Ewart (14) treatment of the 
kinetics of emulsion polymerization, the molecular weight of the polymer 
is dependent solely upon the rate of entry of free radicals from the aqueous 
phase into the polymer-monomer particles. On the basis of diffusion the rate 
of entry of such free radicals would be directly proportional to the radius of 
the particle. Hence a smaller particle would capture fewer free radicals, 
leading to the formation of a higher molecular-weight polymer. However, 
in any given latex, the interfacial free energy should be approximately the 
same (per unit area) for large or small particles. Hence the monomer-poly- 
mer ratio will be a direct function of particle radius, being smaller for 
smaller particles. Thus the rate of polymerization in the smaller particles 
will be less than that in the larger ones (lower monomer concentration). 
This will offset the slower rate of entry of free radicals into the smaller 
particles, leading to similar molecular weights in both large and small 
particles, as found. 

Finally, some conclusions can be. drawn concerning the effect of particle 
size heterogeneity on the solubility of solvents in a latex. It is obvious from 
the method of derivation of Eq. [3] that, for a polydisperse latex, the ex- 
pression on the right side of Eq. [3] is proportional not to 1/r but to 2nir?/ 
~nir8, where n; represents the number of particles having radius 7;. Hence 
v, is a function of the particle diameter as expressed by D,, 1.e., a volume- 
to-surface average diameter. Hence the particle diameter, D,, as deter- 
mined by soap titration, should give the best measure on which to base 
conclusions concerning the equilibrium solubility of solvents in the latex. 
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I. INTRODUCTION 


In 1950 Nolle (1) pointed out that the locus of his data for dynamic 
mechanical properties of Buna N in the complex compliance plane was a 
circular arc just as shown by Cole and Cole (2) in 1941 for various dielec- 
trics in the plane of the complex dielectric constant. It was a remarkable 
advance in the phenomenological study of viscoelastic properties that 
Cole-Cole’s useful experimental law was introduced into this new field. 
There has not, however, been further work to apply this rule to other data 
or to utilize this law for further discussions, simply because of the failure 
of Nolle’s data for Buna N in the linearity test given by Cole-Cole. 

The author has tested the validity of the circular arc rule on several 
series of dynamic mechanical data in the literature, and finds that this rule 
is also an excellent representation of these mechanical data. This paper 
presents these results. 


II. Crrcutar Arc RULE 


Cole and Cole (2) found that the dielectric data for a large number of 
materials fall on circular arcs in the complex plane, as shown in Fig. 1. 
Each point along the arc corresponds to a different frequency. Points A and 
B at the left and right hands of the arc represent, respectively, the limiting 
values of the dielectric constant at the infinite frequency and at zero fre- 
quency, €. and €. The arc is determined by these two values and by the 
parameter B, the geometrical significance of which is indicated. 

Let the point P on the arc correspond to the angular frequency w, and 
let the length of AP and PB be represented by wu and »v, respectively. The 
following relation (2) must hold, in general, for the linearity of the dielectric 


behavior: 
log (v/u) = B log wtm, [1] 
when 7,, is the time constant for the most probable relaxation time. There- 
fore, the plot of log (v/w) against log should be linear, and the slope of the 
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Fig. 1. Circular are representation of dielectric data. 


line should agree with the value of 6 obtained from the arc plot. They have 
shown also that the analytical expression of the complex dielectric constant 
é, which satisfies the arc plot and the above relation, is as follows; 


A EQ Geo 
€ = 6a + T+ Gorm)” [2] 
where j = (ae 

This rule was introduced into the study of viscoelastic dynamic proper- 
ties by Nolle (1). Figures 2a, b, and ¢ are the transcriptions of his arc plots. 
The results, however, as mentioned by him, do not pass the linearity test 
(called the consistency test in his paper) of Eq. [1], that, the slope of the 
plot of log (v/w) against log w is somewhat different from the value of 6 
obtained from the arc plot. Therefore, Nolle thought that the Cole plot 
could not be taken as the basis for an analysis of the experimental results 
and gave up use of the circular arc rule for further discussion and for other 
data. 

We notice, however, that the failure in linearity does not prove the un- 
suitability of the rule, but implies only nonlinear behavior of the material 
studied or the incorrectness of the experimental results. In this case the 
latter seems to be more probable than the former. 

It is well known that the complex compliance S, when it has linear char- 
acteristics, can be written most generally as follows: 


‘es ° I(r) dr mura 
$= Se+ | ore [3] 


where S. is the real limiting value of S at infinite frequency, 7 the retarda- 
tion time, J(r) the distribution function of retardation times, and 7 the 
real limiting value of viscosity at zero frequency. When the circular arc 


rule is valid, the third term of the right-hand side of Eq. [3] is negligible 
and the second term must be 


* I(r) dr M4 So — So (4) 
0 1+ jor 1+ (Jorm)® 
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The expression for J(r), which satisfies the integral equation [4], is (2) 


L (So — S.o) sin Br 
mr (t/tm)® + (r/Tm)~8 + 2 cos Br’ 


III. Experimentat Evivence 


J(r) = [5] 


Blizard (3) has made measurements on three kinds of rubber over a 
fairly wide range of frequencies. Ferry and his co-workers (4) have made 


$" in 10-8 cm.2/dyne 


© 12 kc/s 
*70 ke/s 


0 02 04 06 08 
S' in 10-8 cm.2/dyne 

Fig. 2 (a) Compliance data for Buna N (Hycar OR-15, 100; ZnO, 5; butyL8, 10 m1.; 
methyl ethyl ketone, 480; 20 minutes milling; solvent cast) plotted in the complex 
plane (transcribed from Nolle’s report (1)). 

(b) and (c) Compliance data for Buna N (Hycar OR-15, 100; P33 black, 50; S, 2; ZnO, 
5; butyl-8, 10 ml.; methyl ethyl ketone, 480; benzoic acid, 2; 15 minutes milling; 
solvent cast) plotted in the complex plane (transcribed from Nolle’s report (1)). 

(d) Compliance data for natural rubber (crepe rubber, 100; ZnO, 3; diphenylguan- 
idine, 1; 30 minutes at 147°C.) in the complex plane (based on Nolle’s data (1). 

(e) Compliance data for Buna N (Hycar OR-15, 100; ZnO, 5;S, 2; stearic acid, 1.5; 
Thiuram M, 1; mercaptobenzothiazole, 0.5; 40 minutes at 153°C.). Locus in the pO 
plex plane when the frequency is fixed and the temperature is varied (based on Nolle’s 


data (1)). 
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measurements on polyisobutylene at various frequencies and temperatures 
and have made clear that the mechanical properties of polyisobutylene are 
“thermorheologically simple’ (5). 

In general, the complex compliance S is the function of the two variables, 
the angular frequency w and the absolute temperature 7’. If there exists a 
function f(7’) with which S can be expressed as the function of the single 
variable = log w + f(T), the property is called ‘thermorheologically 
simple.” | 

To check the rule, these data can be utilized as well as some of Nolle’s 
data (1) which have not been tested. Though the circular are rule holds 
originally only for the locus obtained when the frequency is varied and the 
temperature is fixed, it can be extended in the thermorheologically simple 
case to the locus obtained when the frequency is fixed and the temperature 
is varied. (In this case the linearity test is also applicable, taking f(T) 
instead of log w as the horizontal axis.) 

Since the data in the literature are expressed by the complex modulus 


S$" in 1078 cm.2/dyne 


S' in 10-8 cm.?/dyne 


Fie. 3 (a) Compliance data for Hycar (Hycar OR-15, 100; P33, 50; ZnO, 5; benzoic 
acid, 2; butyl-8, 8) in the complex plane (based on Blizard’s data (3)). The tempera- 
ture of the sample is not described in the paper. 

(6) Compliance data for crepe rubber (crepe, 100; ZnO, 5; S, 2; butyl-8, 8) in the 
complex plane (based on Blizard’s data (3)). The temperature of the s 
described in the paper. 

(c) and (d) Compliance data for butyl rubber (GR-1 70, 100; ZnO, 5; 8, 2; stearic 


acid, 1.5; Thiuram M, 1; mercaptobenzothiazole, 0.5) in th 1 
Blizard’s data (3). , 0.5) e complex plane (based on 


ample is not 
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Fie. 4 (2) Compliance data for polyisobutylene (molecular weight 1.2 x 108). 
Locus in the complex plane when both the frequency and the temperature are varied 
(based on data of Ferry and his co-workers (4)). 

(6) The plot of log (w/w) against log w + f(7) for polyisobutylene. In this case 
log w + f(T) must be taken as the abscissa, since both the frequency and the tempera- 
ture are variables. 


or the dynamic rigidity and the viscosity, these are transformed into data 
expressed by the complex compliance to be plotted in the complex plane. 
Results are as shown in Fig. 2d and e, 3, and 4a. All the loci examined here 
are fairly well represented by circular arcs. 

Let us now examine the results by means of Eq. [1]. The plot of log 
(v/u) against log w + f(7’) for polyisobutylene, for instance, the locus for 
which is shown in Fig. 4a, becomes a straight line as shown in Fig. 4b, and 
its slope satisfactorily coincides with the value of 8 obtained from the arc. 
Also the results based on Blizard’s data pass this linearity test. 

From the plot such as Fig. 4b, the time constant, or the most probable 
retardation time, is determined as the reciprocal of the angular frequency 
that makes log (v/u) = 0. In Table I are given So, tm, 8, and 6’, which is the 
slope of the frequency plot as in Fig. 4b, for the data plotted in Figs. 2-4. 

Comparing the results with those for dielectric properties, we note the 
following facts: 

1. Sw is far smaller than So. (For dielectric properties €. is usually compa- 
rable to €.) 
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TABLE I 
Constants Determining the Dynamic Compliance for Several Materials 
: Temp. So, 10-8 

Fig. Reference Materials” °C, cm.2/dyne B B’ Im, SEC. 
2a Nolle (1) Buna N 20 2:04) 505670 Os Somes. 0 on One 
2b Nolle (1) Buna N 20 1.67 0.65 0.56 5.8 X 10° 
2c Nolle (1) Buna N 30 1.67. 0.65 0.54 1.4X 10° 
2d Nolle (1) Natural rubber 10 7.0 0.45 — —_— 
2e Nolle (1) Buna N —" 0:67" 0.65) > — — 
3a Blizard (3) Hycar —+ 10.4 OL 517 Or ol GLO One 
3b. ©6Blizard (8) Crepe rubber —4 8.2 0263105657 e200 <a0nt 
3c Blizard (8) Butyl rubber is 2163 0.64) 0:63 , 3.26.54 102 
3d Blizard (8) Butyl rubber 20 21.9 0:63)) O%635) Goan lO0s4 
4a Ferry and Polyisobutylene —- 42.8 (0°63, 2 0563) 5.8) ><elOme 

others (4) 


* Details on the materials have been described in the legends for figures. 

’ In this case the plot of log (v/w) against log w has not been linear, so that 6’ 
and tm have not been obtainable. 

¢ The frequency was fixed and the temperature was varied. 

4 The temperature of the sample is not described in the paper. 

¢ Both of the temperature and the frequency were varied. The value of tm in 
the table is for 25°C. 


2. Both S) and 6 are almost invariable with temperature (thermo- 
rheologically simple). (For dielectric properties ¢) decreases and 8 increases 
as the temperature increases. ) 

3. The value of 8 is near 0.6 and almost constant for several materials 
studied here. 

It is also noticeable that the viscoelastic dynamic data are abundant 
in high frequency ranges, but so few in low frequency ranges that we can 
find only a few series of data in the literature from which complete ares can 
be obtained. 


Ye Tue Errect or Puastic DEFORMATION 


When the third term of the right-hand side of Eq. [8] is not negligible, 
this masks the imaginary part of the second term at low frequencies. The 
plot in the complex plane, therefore, cannot be represented by a circular 
arc, even if the second term satisfies Eq. [4]. Figure 5a and the upper curve 
of Fig. 5b are examples of such plots. The former is based on Nolle’s data 
(1) for unvuleanized Buna N, and the latter on those of Ferry and his co- 
workers (6) for concentrated solutions of polyvinylacetate. Though Ferry 
and his co-workers have mentioned that the circular are rule is not valid 
for their data, it is not clear whether the effect of plastic deformation was 
taken into account. 

Since the static viscosity has been given in this case, the intrinsic value 
of the imaginary part of the complex compliance not influenced by the 
plastic deformation can easily be obtained by subtracting 1/wn from the 
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observed imaginary part of the complex compliance. The complex plane 
plot of such values is the middle curve of Fig. 5b, which also cannot be 
represented by a circular arc. 


10 (a) 
g 
> 
= 
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3. 30:5 
2 
= 
ry) 
10) 0.5 1.0 1.5 
$' in 10-8 cm.?/dyne 
(b) 
800, 
600 


400 


S$’ in 10-8 cm.2/dyne 


200 


o- ~ 200 400 600 
S’ in 10-8 cm.2/dyne 

Fig. 5 (a) Compliance data for unvulcanized Buna N (Hycar OR-15; 20 minutes 
milling; cast as 20% solution in methyl ethyl ketone) in the complex plane (based on 
Nolle’s data (1)). 

(6) Upper curve: compliance data for concentrated solution of polyvinyl acetate in 
1,2,3-trichloropropane in the complex plane (based on data of Ferry and his co- 
workers (6)). Middle curve: complex plane plot obtained by subtracting 1/w7 from 
the observed imaginary part. Bottom curve: complex plane plot of S’ — jS”cai. 


In such a case Cole-Cole’s linearity test is not applicable, and if we want 
to examine the consistency of the experimental results with the linearity, 
the following Gross’s general relation (7) will be the only aid . 


Stalu) = 2 [ (8) - Se) 


@ 


2 
Sap (6] 


a2 


Putting the real part of the observed complex compliance into the integrand 
of the right-hand side of this relation, we can also get S”cai, the imaginary 
part of the complex compliance not influenced by the plastic deformation, 
which must agree with the one obtained directly by subtracting 1/wm 
from the observed one, only if the properties have linear characteristics. 
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In practice, however, the integration is quite troublesome. The author 
has obtained the following approximate formula from the above relation, 
the deduction of which has been given elsewhere (8) 


Shale) =D AdlS'@ + n) — S'@ =m), [7] 


where A; = 0.468, Ap = 0.077, As = 0.030, As = 0.016, x = log. (on/w), 
and wm is an arbitrary and constant angular frequency. This formula gives 
a good approximation, excluding the case of a sharp frequency dependence 
as given by Debye type dielectric properties. 

Soa does not agree with S” 4. — (1/wmo) for the data of Ferry and his 
co-workers. This means that the experimental results are influenced by 
some errors or some nonlinear mechanisms. It is, however, interesting that 
if we plot S’ — 7S8”ca1 instead of S’ — 7S” ops in the complex plane, the locus 
becomes the bottom curve of Fig. 5b, which seems to be a part of a circular 
arc. 


SUMMARY 


The validity of the circular are rule, found by Cole and Cole for dielec- 
tric properties and introduced by Nolle into the field of the dynamic studies 
of viscoelastic materials, has been tested on Nolle’s, Blizard’s, and Ferry’s 
dynamic mechanical data in the literature. This rule is an excellent repre- 
sentation of the data examined here, excluding the failure of Nolle’s data 
in the linearity test given by Cole and Cole. This failure, which made Nolle 
abandon the rule, never means directly the unsuitability of the rule. Some 
consideration has been given to the effect of plastic deformation and the 
linearity test of such data as do not satisfy the rule. 
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ABSTRACT 


A simple method for the production of homogeneous water drops down to 2 u 
diameter is described. When bubbles of a given size burst at an air-water interface, 
the collapse of the bubble cavity produces an upward moving jet which quickly dis- 
integrates into several small drops. Each of these drops, not necessarily all the same 
size, rises to a height which is remarkably constant from one bubble to the next. The 
drop size at each of these heights was found to be equally constant. 

Photographs are shown of the drops produced and their remarkable uniformity in 
size. The size of the drops is a function of the bubble size. 


INTRODUCTION 


Those who have used hypodermic needles to produce water drops of a 
given size for calibration purposes know only too well the difficulty involved 
in producing drops < about 1 mm. diameter. Surface tension considera- 
tions require that the bore diameter of the needle be many times less than 
that of the drop. At such small diameters high pressures are required to 
force the water through the bore, and, as solid materials in the water will 
clog the tube, the water must be filtered prior to using. 

Drops down to 0.2 mm. diameter have been produced with hypodermic 
needles and microburets by passing a stream of air concentrically around 
the tip where the drops are being produced (1, 2). In the presence of the air 
stream the drops are blown free at a diameter far less than they would have 
in the absence of the air stream. However, even these techniques are inade- 
quate to produce drops <100 » diameter. The production of homogeneous 
clouds of drops <100 u has been accomplished by utilizing the centrifugal 
forces associated with water on spinning discs. With an apparatus utilizing 
this principle, Walton and Prewett (3) produced monodisperse clouds from 
15 » to 3 mm. diameter. An improved model was capable of extending the 
lower limit to 6 u (4). An entirely different method for the production of a 


1 This study was supported by the Office of Naval Research, Contract Nonr-798 (00) 
(NR-085-001). Contribution No. 711 of the Woods Hole Oceanographic Institution, 
Woods Hole, Massachusetts. 
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monodisperse cloud, recently discussed by Vonnegut and Neubauer (5), 
produces streams of electrified uniform drops of about 0.1 mm. diameter 
by applying potentials of 5-10 kv. (a.c. or d.c.) to liquids in small capil- 
laries. Under some conditions a smoke of particles of about 1 » diameter 
can be produced. Drozin (10) has extended these electrical studies. 

The present paper will describe a simple method for the production of 
homogeneous drops from about 500 down to at least 2 « diameter. The 
experimental setup requires simply a stream of bubbles rising in a beaker 
of water. The realization that uniform drops could be systematically pro- 
duced with such a simple apparatus came out of a photographic study (6) 
of the mechanism of the bursting of bubbles at an air-water interface (7). 
High-speed photographs conclusively showed that upon the collapse of a 
bubble a narrow jet rises rapidly from the bottom of the bubble cavity. 
Within a distance of perhaps one bubble diameter the jet proceeds to break 
up into five or six drops, all of which rise to characteristic heights. With the 
same bubble size these heights are systematically obtained, thus indicating 
the reproducibility of the various drop sizes at different levels. 

These phenomena have been studied, in connection with different prob- 
lems, by other investigators. Stuhlman (7) was interested in the problem 
of effervescence and was the first to suggest the jet mechanism as being 
responsible for the production of drops from breaking bubbles. Boyce (8), 
in connection with studies of the deposition of airborne salt particles on 
coastal plants, obtained data for the average diameter of drops ejected by 
bubbles in sea water as a function of bubble size. However, as neither 
Stuhlman nor Boyce studied the breaking bubble mechanism as a source of 
homogeneous drops, it was felt worth while to present the ideas contained 
in this paper. 


EXPERIMENTAL Mrruops 


The production of a steady stream of uniform bubbles of any diameter 
> 50 yu is easily accomplished by forcing air through fine tips produced by 
drawing out a length of glass capillary tubing. The size of the bubble is, of 
course, a function of the bore diameter. The smallest bubbles are produced 
from hairlike tips with an air pressure of approximately 30 p.s.i. 

If the bubbles are allowed to rise in distilled water, they will break im- 
mediately on contact with the surface, providing the surface is clean. It is 
sometimes necessary to have the glass capillary tip near the surface to pre- 
vent the coalescence of bubbles as they rise through the water. However, if 
both these precautions are observed, a uniform and systematic breaking of 
the bubbles will oecur. As each bubble breaks, the upward moving high 
velocity jet will form and break into a series of droplets. These droplets rise 
at speeds, estimated both from analysis of high-speed photographs and by 
computation, of several hundreds of em. sec.—!. The frictional retarding 
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Fia. la. A photograph, taken at an exposure of 0.01 sec., of the homogeneous drops 
produced by the breaking of bubbles of approximately 450 » diameter. The length of 
the streaks is a function of the fall velocity of the drops and this is directly related to 
the drop diameter. The water surface is slightly beneath the bottom of the photograph 
(see Fig. 1b). The vertical streak in the lower left center represents a drop moving 
rapidly upward from the bubble cavity. 


force at such high speeds causes a rapid deceleration and loss of kinetic 
energy of the drops. For a given bubble diameter each of the drops will rise 
to a height which is remarkedly reproducible. If a slow drift of air exists 
over the water surface, the drops will fall at an angle to the vertical. This is 
illustrated in the photograph of Fig. la, where the bubbles are breaking in 
rapid succession so that six or more drops from the highest trajectory are 
simultaneously air-borne. This photograph was made at 0.01 sec. exposure 
with the aid of forward scattered light. With smaller bubbles and a higher 
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rate of production one is able to produce drops at such a rate that 30 B 
more of the drops from the top trajectory are air-borne simultaneously. 
This simple experiment, with the great uniformity of the settling rates of 
the drops formed, soon convinces one of the homogeneity of the drop 
diameters. 


ic) 
1) 
©) 
9 


GLASS 
CAPILLARY 
TUBE 


Fic. 1b. A drawing based on Fig. la to show the most probable trajectories of the 
drops. The heavy dashed lines represent the drops as shown in la, while the light solid 
lines indicate the trajectories. 


RESULTS 


Figure 1b is a drawing, based on the photograph of Fig. 1a, to show the 
most probable trajectories of the drops. Note that the second and third 
trajectories from the top are represented in the actual photograph by single 
drops. These drops are sufficiently large and fall back to the surface at such 
a rate as to prevent more than one drop for each trajectory from being air- 
borne at any one time. The lowest trajectory on the drawing represents a 
fifth drop which did not happen to be air-borne during the brief exposure 
for the photograph. This drop is the largest of all the drops and even on its 
downward flight is discernible to the eye only as a streak of light. 


> These drops are usually invisible to the unaided eye in normal daylight. They 


are best made visible by viewing against a black background and looking at an angle 
of about 140° as measured along a strong beam of light. 


PRODUCTION OF HOMOGENEOUS WATER DROPS 320 


A crude estimate of the drop sizes represented by Fig. 1a can be obtained 
with a knowledge of their fall velocities and Stokes’ law. The fall velocities 
were obtained by measuring the vertical component of the streaks, which 
represents the drops motion during the exposure, and dividing by the ex- 
posure time. With the fall velocities of the drops from the four different 
trajectories thus obtained, Stokes’ law can be used, starting with the top 
trajectory, to obtain drop diameters of about 60, 75, 70, and 40 y, respec- 
tively. 

These diameter calculations have been mentioned only to indicate 
roughly the range of droplet sizes produced by a breaking bubble of the 
size used in the illustration (approx. 450 » diam.). However, it might be 
well, for this and any future experiments, to qualify the use of Stokes’ law. 
In the first place significant errors can be obtained with Stokes’ law when 
it is applied to drops above about 70 u diameter. With a diameter of 70 u 
Stokes’ law will give a fall velocity some 5% in excess of that actually ob- 
tained. Secondly, in the present case, one must assume that there is no effect 
on the fall velocity by updrafts created by the bursting bubbles. Although 
an updraft exists in a region within a few bubble diameters of the axis of the 
jet, its effect on the drop is negligible if a slight horizontal drift of the air 
serves to carry the drops far outside the updraft region (see Fig. 1a). In 
these regions the absence of any pronounced microturbulence in the air 
structure due to the jet updraft is indicated by the uniform settling veloci- 
ties of the drops. It goes without saying that greater over-all accuracy is 
obtained in the foregoing considerations if evaporation of the drops in their 
trajectory is eliminated by enclosing the area and allowing the vapor pres- 
sure of the air to come into equilibrium with that of the water surface. In- 
deed, the writer has found this imperative for the study of small drops. 

The homogeneity of the drops produced by the top trajectory of Fig. la 
is illustrated by Fig. 2. This is a photograph of the imprints of the drops on 
an ammonium chloride coated slide. The diameter of the imprints shown in 
Fig. 2 was several times the diameter of the drops. This is probably ex- 
plained by the high solubility of NH,Cl in water. Nevertheless, regardless of 
the ratio between the diameter of the imprints and the drops, the uniformity 
of the imprints testifies to the remarkable uniformity of the drop size from 
the top trajectory. The other trajectories produce their own uniform drops, 
but the upper one, being more readily accessible, was preferred as the source 
of uniform drops in the present study. 

The drop diameters and the heights to which they are ejected is a func- 
tion of bubble size and is dependent on whether the bubbles are breaking 
in sea or distilled water. Figure 3 is a graph of bubble size vs. the heights of 
the ejected drops. The solid lines are the results of measurements in dis- 
tilled water by Stuhlman (7), who found six drops produced by the majority 
of bubbles. The dashed line represents some recent measurements of Boyce 
(8) in sea water. Note that he was concerned only with the top drop. A 
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maximum ejected height is found in each case, with the drops from bubbles 
in sea water rising higher (for bubbles > 800 y) and reaching a maximum 
height at a greater bubble diameter than the same bubbles in distilled 
water. 


Fia. 2. Imprints of drops on an ammonium chloride coated slide. These drops repre- 
sent those ejected to the greatest height when bubbles of 450 u diameter break at an 
air-water interface. (See the top trajectory of Fig. la and 1b.) 


Boyce (8) has presented experimental data on the diameters of the highest 
drop ejected by bursting bubbles in sea water as a function of bubble size. 
The data fit the linear equation y = 51.5¢ — 3.95 where x is the bubble 
diameter in millimeters and y 1s the drop diameter in microns. The data, 
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Fic. 3. The height of ejection of drops from breaking bubbles as a function of the 
bubble diameter. The solid lines were obtained by Stuhlman (7), who observed six 
drops produced when a bubble breaks in distilled water, and the single dashed line 
was obtained by Boyce (8). This latter measurement is for the maximum ejected 
height for drops produced by bubbles breaking in sea water. 


however, represent the drop diameter at 83 % relative humidity and 21° C. 
To obtain the diameter when ejected from the bursting bubble one would 
have to compute the equilibrium size at the temperature and relative hu- 
midity (98%) existing over the sea water at the time of ejection. These 
computations are easily done with the aid of graphs relating density, tem- 
perature, and saturation vapor pressure with chlorinity of the water (9). 
The above equation, although probably correct for large bubbles, cannot 
possibly hold for bubbles <77 u diameter, for below this size the equation 
predicts negative droplet diameters. Inasmuch as the writer has obtained 
droplets between 2 and 10 » diameter from bubbles <77 u, and as Boyce 
seemed little concerned with the small bubbles, it is justifiable to limit 
consideration of this equation to the larger bubbles. 

In order to insure a continuous and rapid rate of production of homogene- 
ous drops it is necessary, as was mentioned earlier, to maintain a clean 
water surface. This becomes more critical as the bubble diameter increases 
and especially so in the case of bubbling in sea water. Little difficulty is 
experienced, however, if the bubbles are < about 600 » and preferably 
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breaking in distilled water. Fortunately, it is the smaller bubbles that are 
producing the drops in the size range that are beyond the limits of hypo- 
dermic needles, and it is in this size range that the bubble technique pro- 
duces homogeneous drops with a high degree of accuracy. 
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ABSTRACT 


The formation of Liesegang rings has been studied in gelatin partially coagulated 
with methanol. The effect of inhomogeneities in the medium on ring formation is 
described. The diffusion equation is tested for the various media. The diffusion veloc- 
ity is found to decrease with increasing methanol concentration. 


INTRODUCTION 


It has been well established that the general factors leading to the for- 
mation of periodic precipitates, or Liesegang rings, can be derived from a 
solution of Fick’s diffusion law, under the assumption of proper boundary 
conditions (1). Such a solution predicts the general structure of Liesegang 
rings. However, since no rigorous solution of the equation has yet been 
worked out, a quantitative prediction of the ring distances to be expected 
in any given system cannot be made. 

Previous workers in this field have used an essentially uniform medium 
of a colloid or water containing one of the reactants through which the other 
reactant was allowed to diffuse. In the present study an attempt was made 
to determine the effect of inhomogeneities in the medium on ring formation. 
One of the simplest methods of producing inhomogeneities, i.e., local varia- 
tions in the density and viscosity of the medium, is to coagulate the gelatin 
partially by treatment with alcohol. The inhomogeneities produced are of 
two kinds, (1) gross disturbances, due to air bubbles or relatively large 
clumps of coagulated gelatin, and (2) a uniform distribution of fine particles 
of coagulated gelatin. The effect of both kinds of inhomogeneities is reported 
in this paper. 


EXPERIMENTAL PART 
Procedure 


All measurements were carried out in 8 mm. diameter tubes, 25 cm. long. 
A7 cm. length of 2 cm. tubing was fused to the end of each tube. This served 
as a silver nitrate reservoir. 
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TABLE I 
Solution Compositions® 
Tube No. S (ml.) H20 (ml.) CH;0H (ml.) 
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Series B 
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« Al] solutions were prepared from a stock solution S made by dissolving 8 g. 
gelatin and 0.5 g. K2CrO, in 100 g. water. 


The gelatin used was of C.P. grade and chloride free. Two sets of solu- 
tions, A and B, were prepared. Set A contained gelatin with large-order 
inhomogeneities, and set B contained a uniform distribution of fine par- 
ticles of coagulated gelatin. Concentrations of silver nitrate and potassium 
chromate were kept constant in both sets. 

The composition of the solutions is shown in Table I. 

In preparing the solutions in series B, air bubbles were carefully removed 
and the solutions were mixed thoroughly to assure their homogeneity. On 
the other hand, solutions in series A were not mixed well, and large air 
bubbles and clumps of coagulated gelatin were allowed to remain in the 
tubes. Both sets of tubes were placed in a refrigerator at 5°C. After the 
gelatin had set, 10 ml. of a 12% by weight solution of silver nitrate was 
poured into the reservoir on top of each tube. The concentrations used ap- 
proximate the conditions for an infinite reservoir, since only 5 % of the silver 
nitrate is required to react with all the potassium chromate in the tube. All 
tubes were kept in the refrigerator for 2000 hours. They were taken out 
only while measurements on them were made. 


General Observations 


Rings or periodic structures formed in all the tubes. However, after sev- 
eral weeks, rings in I and IT of series A and B disintegrated partially, pro- 
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Fia. 1. Partially disintegrated Liesegang rings. (Left) Tube II, (right) Tube L. 


ducing fuzzy bands consisting of small particles of silver or silver oxide 
(Fig. 1). Rings formed in III A and B tended to become indistinct, and 
some reduction took place also (Fig. 2). In IV, V, and VI of A marbled 
structures formed, evidently owing to the disturbance of the diffusion 
front (Fig. 3). However, these marbled structures formed primarily in the 
top part of the tubes, whereas toward the bottom more or less regularly 
spaced rings were formed. Examination of the tubes under strong light 
showed that large-order inhomogeneities are evident only at the top of the 
tubes, while below the medium is similar to that of series B. Evidently co- 


1 The diffusion proceeded from top to bottom in all photographs. 
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agulated gelatin mixed with air bubbles is of lower density and floated to 
the top of the tube before the gel set. 


Fig. 2. Partially disintegrated Liesegang rings. Tube ITI. 


In general the sharpness of the bands increas 
content of the medium. Because of the marked difference in appearance be- 
tween IIT A and IV A four solutions intermediate in concentration between 
these two were prepared in series B. Tube IV of B shows a slight amount of 
reduction, whereas no reduction is visible from V B on. At the same time 


ed with increasing methanol 
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Fie. 3. Marbled diffusion structure. 


the opacity of the medium, due to partially coagulated gelatin, increases 
markedly between IV B and V B. The sharp rings formed in VIII B are 
shown in Fig. 4. It can also be seen that the red color of the rings becomes 
lighter as the methanol concentration increases. The average thickness of 
the rings is 60 uw. All photographs were taken approximately 2000 hours 
after preparation of the solutions. 


Tests of the Diffusion Equation 


Measurements of series B were used in testing relationships derived from 
the diffusion equation. For this purpose measurements of distance x traveled 
by the diffusing silver nitrate were made at various times. The last ring 
formed was taken to be at the diffusion front. It has been shown (2) that 
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Pia. 4. Liesegang rings in 30% methanol system. Tube VIII. 


TABLE II 

Values of x/+/t for Various Systems (in mm. hr.~3) 

t (hours) I i Ill VIII Ix 
10 5.69 5.06 4.44 4.44 4.12 3.80 
118 5.07 4.42 4.15 3.87 3.50 3.24 
506 4.72 4.14 3.78 3.56 3.34 3.11 
991 4.62 4.00 3.66 3.49 3.28 3.09 
1514 4.47 3.93 3.62 3.37 3.22 2.98 
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Tube No. %CH,OH 
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Fie. 5. Diffusion velocity for systems of different methanol concentrations. 


the relationship x/./t = constant can be derived from the diffusion equa- 
tion. A selection of values obtained for this constant is given in Table II. 
It can be seen from these data that the initial diffusion rate is much higher 
than the final rate. This is also evident from a plot of distance against time 
shown in Fig. 5. From 1000 hours on, the diffusion rate decreases very 
slowly. The average rate for equal increments of methanol concentration 
is shown in Table III for the interval from 1000 to 1500 hours. 

An attempt was also made to test the relation d,/d,»+41 = constant, where 
d, is the distance between any two rings. It was found, however, that this 
ratio varied erratically in all the systems containing methanol, 1.e., the rings 
were not evenly spaced, although the ratio rarely exceeds 1.05. Disintegra- 
tion of the rings in I prevented measurements of the ratio in this system. 


TABLE III 
Diffusion Velocity as a Function of the Composition of the Medium 
Tube No. Vol. % CH:OH «/t (mm./hr.) 
I 0 0.054 
II 10 0.052 
III 20 0.050 
VIII 30 0.044 
Ix 40 0.042 


De 50 0.036 
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DIscussION 


The data obtained in series B can be used to test the validity of the dif- 
fusion equation. The values of z/+/t in Table II show that in the systems 
studied this constant decreases with increasing distance and time of diffu- 
sion. It was found, however, that the data could be fitted by the equation 
z/t*** = constant over the entire range of x and t. The constancy of the 
quotient is shown in Table IV by some typical data for the tube VII. How- 
ever, the value of this constant decreases with increasing methanol concen- 
tration in a manner similar to that of x/+/t. This is evidently due to the 
decreases in diffusion rate with increasing coagulation of gelatin. The effect 
of this coagulation is one of increasing the average density and viscosity 
of the medium. The decrease in the exponent of ¢ from its theoretical value 
of 0.5 to 0.45 may be attributed to the slight decrease of silver nitrate con- 
centration in the reservoir as the diffusion proceeds. 


TABLE IV 
Test of the Equation x/t®°*® = Constant (Data from Tube VIZ) 
x (m) t (hr.) 35 / 10°48 


20 22 4.95 
71 410 4.72 
99 819 4.85 
146 1946 4.84 


An estimate can be made of the concentrations of the reactants present 
during the formation of any ring. The diffusion constant D = 1 X 10-*° 
cm.” sec. for silver nitrate in water. If it is assumed that D is of the same — 
order of magnitude in gelatin as in water, then the concentration of silver 
ion C can be determined if the concentration, Co, in the reservoir is known 
(3). For the simple gelatin-water system (as in tube I) C/Cy = 0.04 for all 
the rings in the tube. Since Cy = 0.75 mole/liter, C = 3.8 X 10-2. On the 
assumption that the solubility product of silver chromate is the same in 
water as in gelatin, 10~, the concentration of chromate ions is 8 & 107° 
at the last ring formed. Since the chromate ion concentration in the gelatin 
far removed from the diffusion front must be near its initial value of 2 x 
10%, it follows that a steep concentration gradient for the chromate ion 
exists near the diffusion front. This conclusion was also reached by Wagner 
in his derivation (4). 

Unfortunately no data on diffusion constants and solubility products in 
partially coagulated gelatin are available. It is probable that the values 
would differ markedly from those for the gelatin-water system. If the same 
value of D were assumed in tube X as in I, the ratio C /Co would change 
from 0.04 to 0.2. This fivefold increase in concentration is unlikely, since the 
variation of C with x must be quite similar in all the tubes. Moreover, it is 
probable that the solubility product of silver chromate is decreased by the 
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addition of methanol. This makes an increase in C very unlikely. If it isas- 
sumed that the major factor in the decrease of x/./i from I to X is the 
decrease in D, it is possible to calculate the value of D required to satisfy 
the relation C/Cy = 0.04, taking the average value of x/./t = 3.0 for tube 
X. The result is D = 1.0 mm.? hr, or a 70 % decrease for a 50 % methanol 
system from the value for the 0% case. This conclusion is at least qualita- 
tively reasonable in view of the greater density and viscosity of coagulated 
gelatin. 

It has been assumed in the above discussion that the effect of inhomo- 
geneities on the diffusion velocity is a mechanical one, i.e., that any inert 
material dispersed in gelatin would produce the same effect as coagulated 
gelatin itself. This assumption remains to be tested experimentally. 

The paucity of data on diffusion of electrolytes in gelatin prevents any 
rigorous treatment of Liesegang rings. For example, it is probable that, 
since D is a function of concentration (5), a change in D along the tube 
should be taken into account. If D is a variable, the diffusion equation 
becomes 


@-2(pX) =p pee aD ac 
ot Ox 


Ox 0x? Tg On" 

The solution of this equation may be used to determine D (6, 7), if con- 
centration is known as a function of distance 

i CC 
— = rv dC 

2 Ja 


sats C/A 


where \ = 2/+/t. 


Such a refinement may be used to account for the increasing distance 
between rings as diffusion proceeds. 
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INTRODUCTION 


In a previous paper (1) we reported results of some viscosity studies on 
solutions of a secondary cellulose acetate. Viscometric measures of solvent 
power, applicable to more flexible polymers (2), to cellulose nitrate (3, 4), 
and to ethyl cellulose (5), were found not to apply. Acidic solvents and 
aniline gave the highest intrinsic viscosities, other basic solvents tended to 
give the lowest, and solvents of more neutral character gave intermediate 
values. Attention was mainly directed to results of initial phase separation 
studies, and factors which might affect the viscosities of solutions of cel- 
lulose acetate were considered only briefly. This paper presents some vis- 
cosity and initial phase separation results for a primary acetate obtained by 
nondegradative acetylation of the acetate previously studied. These are 
compared with those for the secondary acetate, and some of the factors 
which may be responsible for the variation of intrinsic viscosity with solvent 
and acetyl content are rather more fully discussed. A tentative interpreta- 
tion of the variation with solvent type and acetyl content is advanced. 


EXPERIMENTAL Mertruops 


The unfractionated acetate previously used (m, = 49,000, acetic acid 
yield 53.7 %) was converted to the primary or triacetate by a nondegrada- 
tive method (6) involving solution in pure pyridine and acetylation with 
acetic anhydride at room temperature for 10 days. After washing with 
water, the dry product had an acetic acid yield of 62.5 %. Number average 
degrees of polymerization of both acetates were determined osmotically 
at 25° + 0.005°C., using chloroform as solvent for the primary and ace- 
tone for the secondary. Measurements were made by the dynamic method 
with a modified Meade-Fuoss osmometer using denitrated collodion mem- 
branes (7). No diffusion of solute was observed. Degrees of polymerization 
were obtained from the results of extrapolation of reduced osmotic pressure 
versus concentration plots to zero concentration. The degree of polymeriza- 


1 Now at Department of Chemistry, Cornell University, Ithaca, New York. 
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tion of the secondary acetate was 195, that of the primary being 218. The 
somewhat higher value for the primary might indicate some degree of as- 
sociation. 

The primary acetate was soluble only in solvents of acidic type. The 
following were used, all being purified and dried by appropriate methods 
and fractionally distilled just prior to use: o-cresol, m-cresol, methylene 
chloride, tetrachloroethane, and chloroform. Solutions were prepared by 
dissolving exactly 1 g. of acetate in about 50 ml. solvent with the aid of 
mechanical agitation, the resulting solution being diluted to 100 ml. These 
solutions were used for initial phase separation studies, less concentrated 
solutions used for viscosity measurements being obtained by careful dilu- 
tion. All solutions were allowed to stand for 60 hours and filtered immedi- 
ately prior to use. 

Viscosities were determined at 25° + 0.05°C., using Ostwald type capil- 
lary viscometers. Kinetic energy corrections were made where applicable. 
Determinations were made at concentrations within the range 0.05 to 0.5 
g./100 ml. The flow time for each solution was determined at least three 
times, using a stop watch reading to 0.1 second. Such flow times differed 
by less than 0.2%. In duplicate experiments values of 7,, differed by less 
than 2%. n-Hexane and toluene, purified as previously described (1), were 
used as precipitants in initial phase separation. The volume of precipitant re- 
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Fia. 1. Viscosities of solutions of primary acetate. 
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TABLE I 


Viscosity Data and Volumes of Precipitants Required for Initial Phase Separation. 
Primary Acetate 


Solvent [n] Initial slope k’ Hexane, ml. Toluene, ml. 
Chloroform 0.88 0.28 0.36 1.00 1.9 
Tetrachloroethane 1.00 0.53 0.53 1.90 2.5 
Methylene chloride 1.14 0.42 0.32 1.70 2.5 
m-Cresol 1.15 0.66 0.50 8.8 66.0 
o-Cresol 1.32 0.64 0.37 8.05 41.0 


quired to cause initial phase separation was obtained by running the precip- 
itant from a microburet into 5 ml. of 1% solution with constant agitation 
at 25°C. End points were somewhat difficult to detect when chlorinated 
hydrocarbons were used as solvents. 


RESULTS 


Viscosity results are illustrated in Fig. 1. Each point represents the 
mean of two or three separate determinations. The plots are linear, and 
intrinsic viscosities have been obtained by simple extrapolation to zero 
concentration. Intrinsic viscosities, initial slopes of ysp/e versus c plots, 
and initial phase separation results are given in Table I. 


DISscUSSION 


There is no obvious relationship between [ny] and the volume of either 
precipitant, though the initial slope tends to increase with these volumes. 
Because of solvation, however, good solvents of high molecular weight may 
lead to a real molecular weight of the dissolved polymer which is consider- 
ably greater than that of the dry polymer. If this is so, the molecular 
weight of the triacetate in each solvent is unknown, and instead of com- 
paring initial slopes, which involve [y]?, it may be better to compare values 
of initial slope/[n]?, the Huggins’s k’ (2), values of which are given in Table 
I. They are not simply related to the volumes of precipitants. Calculations 
show that similar results are obtained if the Spurlin viscometric measure of 
solvent power (5) is used. If the volumes of precipitants are regarded as 
measures of solvent power, the variation of initial slope is similar to that 
reported by Frith (8). However, as we have previously pointed out (1) it 
is doubtful to what extent volumes of precipitants can be regarded as meas- 
ures of solvent power. It is unlikely that complete correlation will be ob- 
tained between volumes of precipitants and thermodynamic measures of 
solvent power. 

Comparison of values of [n] with those obtained using the secondary ace- 
tate, given for convenience in Table II, shows that smaller values are ob- 
tained with the primary. The decrease in the cases of o- and m-cresol, the 
two solvents common to both acetates, is marked. Howlett et al. (9) found 
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TABLE II 
Intrinsic Viscosities of Solutions of Secondary Acetate 
Solvent [n] 
y-Picoline 1.30 
a-Picoline say 
Pyridine 1.46 
Methyl acetate 1.48 
Acetone 1.49 
B-Picoline il 5) 
Methyl formate 1.66 
Dioxan 1.70 
Nitromethane 1 
m-Cresol 1.82 
Acetic acid 1.83 
p-Cresol 1.90 
Aniline 1.95 
o-Cresol 22, 


that the intrinsic viscosity of cellulose acetate in chloroform decreased 
markedly with increasing acetyl content. A smaller decrease was observed 
when acetone and pyridine were solvents. 

Since the residue weight of the primary acetate is greater than that a 
the secondary, a given weight of polymer will contain proportionately 
fewer chains of primary than secondary. Other things being equal, this 
should lead to a lower viscosity at a given concentration, expressed in g./100 
ml. The weights of the acetylated glucose units are 288 and 260 for primary 

-and secondary, respectively, leading to a decrease of about 10% in 7s, 
and [n]. This might account for the variation of [yn] with acetyl content in 
acetone and pyridine but not for that in chloroform and the cresols. 

The small range of values of [y] for the secondary acetate in different 
solvents and the somewhat rigid nature of the chains makes any marked 
change in their configuration with solvent unlikely. Light scattering studies 
(10) suggest that chains of the secondary acetate are rather extended in 
methyl] cellosolve (2-methoxymethanol) and acetone, neither of which can 
be regarded as good solvents thermodynamically, » values being 0.49 and 
0.43, respectively (11). The addition of appreciable amounts of nonsolvents 
has little effect on the intrinsic viscosities of solutions of the secondary ace- 
tate (9, 12). Appreciable changes in chain configuration, and hence of [n], 
with solvent power in a thermodynamic sense seem unlikely. This may 
not be so for the primary acetate. Mandelkern and Flory (13) have sug- 
gested that appreciable coiling of cellulose tributyrate chains in solution is 

possible although only at somewhat elevated temperatures. The larger 
volumes of precipitants required for solutions of the primary acetate in the 
cresols make it unlikely, however, that the lower values of [n] in these sol- 
vents can be attributed to changes in configuration with solvent power. 

Other factors may be responsible for the variation of [ny] with solvent and 
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acetyl content. Association of chains, persisting at low concentrations, is a 
possibility. This is known to occur in solutions of cellulose derivatives 
(14, 15, 16). Association favoring increased axial ratios of aggregates might 
lead to increased viscosity. The formation of aggregates with axial ratios 
similar to those of single chains should lead to lower viscosity. Wales and 
Swanson (15) found that the removal of aggregates, attributed to cal- 
cium bridges between sulfuric half-ester groups, resulted in a small de- 
crease in the intrinsic viscosity of a high molecular weight fraction of 
secondary cellulose acetate in acetone. Removal of such aggregates from 
the unfractionated polymer appeared to have no effect on [n]. Doty et al. 
(16) found a secondary acetate to be associated in methyl cellosolve and in 
10/23 and 10/20 acetone/methanol mixtures. A fraction of molecular 
weight 53,000 did not appear to be associated in acetone. Badgely and 
Mark (11), using fractions, obtained lower values of [n] in methyl cellosolve 
than in acetone. Weissberg and Simha (12) found that [n] for solutions of 
secondary acetate in acetone/methanol mixtures varied little for methanol 
contents up to 50%. Further additions of methanol resulted in a marked 
decrease. 

These results suggest that association may, in certain cases, cause a 
decrease in [7]. Apart from the aggregation observed by Wales and Swanson 
which did not affect [n] for the entire polymer, association does not appear 
to occur in acetone. Association in poorer solvent media may lead to low 
values of [yn] for the secondary acetate. We have suggested (17) that as- 
sociation might, in part, account for the downward curvature of 7s,/c 
versus c plots at low concentrations observed with pyridine and a- and 
y-picolines as solvents. It seems unlikely that differences in degree of 
association could entirely account for the variations in [n] with solvent or 
solvent type observed with the secondary acetate. Association of the 
primary acetate does not appear to have been studied, but the similar 
degrees of polymerization obtained osmotically for both acetates makes it 
unlikely that the low value of [y] for the primary in chloroform can be en- 
tirely due to association. The larger volumes of precipitants required for 
initial phase separation of the primary acetate might suggest that the 
lower values of [n] in the cresols are not due to association. 

The number and size of solvating molecules may influence the axial 
ratio of the chains. Although there is strong evidence for solvation (18), the 
number of solvent molecules attached to each glucose residue is uncertain. 
Large numbers have been suggested, but it does not follow that all will be 
sufficiently firmly bound to the polymer to form part of a hydrodynamic 
unit. Dobry (19) suggests that only the first layer of solvent molecules is 
sufficiently firmly bound to contribute to the hydrodynamic volume of the 
chains. Calculations by Peterlin (20) give a hydrodynamic radius of 7 A. 
for cellulose acetate in acetone, suggesting that not many solvent molecules 
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are firmly bound. Calculations leading to similar conclusions have been 
made by Kuhn (21). Whereas differences in size of solvating molecules may 
cause some variation of axial ratio with solvent, considerations of molecular 
volumes suggest, assuming only the first layer of solvent to be firmly bound, 
that this is unlikely completely to account for the variations of [n] with 
solvent or solvent type. 

Although a combination of association and solvation effects might lead 
to variations of [n] in a range of solvents, an alternative suggestion, which 
takes solvation into account, may be tentatively advanced. This seems to 
account for the higher values of [n] obtained with aniline and acidic solvents, 
for the lower values obtained with basic solvents, and for variations with 
acetyl content. It is based on suggested configurations of the cellulose chain 
and relates changes in [n] to small changes in configuration of chains due to 
breaking of intramolecular hydrogen bonds. 


Fie. 2. A possible configuration of the cellulose chain. 


Hermans (22) says that a possible configuration of the cellulose chain is 
a spatial one with a combined vertical and horizontal zigzag. Such a con- 
figuration is shown in Fig. 2, positions of atomic centers being shown. 
Hermans suggests that hydrogen bonds, indicated by broken lines, may be 
formed between the hydroxyl group in the 6-position and the bridge oxygen; 
also between the hydroxy] group in the 3-position and the ring oxygen of the 
neighboring glucose residue. Such bonds will give rise to additional ring 
systems impeding mutual rotation of adjacent glucose residues and to some 
extent stiffening the extended configuration of the chain. Robinson (23), 
using atomic models, has suggested that intramolecular hydrogen bonds 
can be formed by bonding each primary alcohol group to the nearest second- 
ary alcohol group in the next ring. If such bonds are formed, they will 
restrict the flexing of the chain in the plane of the rings, though the model 
is more flexible normal to this plane. 

In either of these configurations, the nature of the environment will 
determine whether or not the intramolecular hydrogen bonds are formed, 
as they will have to compete with a tendency to bond to solvent or other 
cellulose molecules. Acetylation will reduce the number of suggested hydro- 
gen bonds in both cases. A secondary cellulose acetate will still, however, 
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possess about one unacetylated hydroxyl group per cellobiose unit, and 
there is some evidence that those in the 6- and 3-positions may predominate 
(24). Even if this is not the case, the suggested stiffening in the Hermans 
configuration may persist to some extent. In the Robinson model, hydrogen 
bonding between a primary alcohol group and the hydroxyl oxygen of the 
nearest acetyl group in the next ring would seem to be possible and lead to 
some stiffening in the plane of the rings. In solutions of cellulose itself such 
intramolecular hydrogen bonds may be broken because of interaction of 
hydroxyl groups with solvent. Not all solvents for cellulose acetate seem, 
however, to interact with hydroxyl groups. Spurlin (25) has suggested that 
chlorinated hydrocarbons are bound to acetyl groups, and similar sugges- 
tions have been made by Clement (26). Marsden and Urquhart (27) postu- 
late bonding between the hydroxyl group of phenol and acetyl groups of 
secondary cellulose acetate. There is considerable evidence (26, 28) that 
aniline and acidic solvents can form hydrogen bonds with acetyl groups. 
In such solvents the suggested intramolecular hydrogen bonding may 
persist, the stiffness and extended nature of the chains being unaffected. 

Basic solvents, not possessing a hydrogen atom capable of taking part 
in hydrogen bonding, may interact with hydroxyl groups and break the 
intramolecular hydrogen bonds. Somewhat less extended configurations, 
due to decreased stiffness, may lead to lower values of [n]. Interaction with 
hydroxyls rather than with acetyl groups is also likely with the more neu- 
tral solvents which may be regarded as weakly basic. Clement (26) has 
suggested that both ketones and esters interact with hydroxyl groups of 
secondary cellulose acetate. Such interaction may occur to a lesser extent 
than in the case of more basic solvents so that a rather more extended con- 
figuration may lead to somewhat higher values of [n]. Errera et al. (29) 
have shown that the bond between alcoholic hydroxyls and pyridine is 
stronger than that between such hydroxyls and acetone. 

Complete acetylation should result in the elimination of the suggested 
intramolecular hydrogen bonding and probably lead to less extended con- 
figurations in acidic solvents, resulting in lower values of [n]. The shape 
of the 7)/c versus c plots is in agreement with this view. With the secondary 
acetate such plots often show upward curvature at concentrations above 
about 0.2 g./100 ml. (1), suggesting hydrodynamic interaction between 
extended chains (30). Plots for the primary acetate are linear up to a con- 
centration above 0.5 g./100 ml. 

The suggested interpretation of the variation of [7] with solvent type 
may also account for the observed variations with acetyl content in dif- 
ferent solvents. In those interacting only with hydroxyl groups the con- 
figuration of the chains may not be greatly affected by changes in acetyl 
content and, apart from the small effect, previously mentioned, arising 
from the variation of residue weight with acetyl content, [7] should not be 
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greatly affected. In solvents interacting only with acetyl groups a reduction 
in the number of hydroxyls should lead to decreasing stiffness of chains 
and to a decrease in [y] over and above that due to increasing molecular 
weight. Such a decrease is seen on comparing values of [7] for the two 
acetates in the cresols. Howlett e¢ al. (9) found [m] for chloroform solutions 
to decrease with increasing acetyl content more markedly than when ace- 
tone or pyridine were used as solvents. They also found that [n] decreased 
with increasing acetyl content rather markedly in a mixture of methylene 
chloride and ethanol—a result only explained, on the basis of the foregoing 
suggestions, if the hydrogen bonding along the chains persists, to some 
extent at least, in the presence of the ethanol. 

(These suggestions would seem largely to account for the observed varia- 
tions of [n] with solvent type and acetyl content. They do not account for 
differences within a group of solvents of similar acidic or basic type. Such 
variations may be due to small differences in the extent to which the sug- 
gested interactions between solvent and polymer occur. They might also 
reflect small differences in chain configuration with solvent power in a 
thermodynamic sense. Some degree of flexibility may be possible whether 
the chains are in the more exended form or not. Differences in degree of 
association and in the number and size of solvating molecules are also 
possible factors contributing to the variation of [n] in solvents of similar 
type. 
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SUMMARY 


Viscosity and initial phase separation results for a primary cellulose ace- 
tate are presented and compared with those obtained with a secondary 
acetate of the same chain length. Possible factors leading to variations in 
intrinsic viscosity with solvent and acetyl content are discussed. A tentative 
interpretation, based on possible configurations of the cellulose chain in- 
volving intramolecular hydrogen bonding, is advanced to account for such 
variations with solvent type and acetyl content. 
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INTRODUCTION 


The soap titration method for measuring the surface area and particle 
size has thus far been shown to be applicable to latices emulsified with 
fatty acid and rosin acid soaps (1, 2). In preparing certain special latices 
it is a frequent practice to use auxiliary emulsifiers in connection with the 
above. One of these which has been employed very often is Daxad 11, a 
product reported to be a mixture of Na,SO, and sodium salts of polymer- 
ized naphthalenesulfonic acids, and manufactured by the Dewey & Almy 
Chemical Company of Cambridge, Massachusetts. 

In view of the presence of Daxad 11 in many special latices, it was deemed 
desirable to make a study of Daxad 11 in latex to ascertain (1) whether it 
is adsorbed by the rubber in latex; (2) its specific surface area in latex if 
adsorbed; (3) the relative strength of adsorption compared to fatty acid 
and rosin acid soaps; and (4) whether its presence in latex interferes in any 
way with the soap titration method for particle size determination. 

The details of this study and the results obtained are presented in this 


paper. 
EXPERIMENTAL 


The latices used in this investigation were emulsified with fatty acid 
soap, Dresinate 731, and potassium soap of K-wood rosin. Each latex was 
analyzed first for fatty acid or rosin acid content, and any free acidity 
found was neutralized by addition of the requisite quantity of NaOH. 
Finally the soap contents and rubber contents of the latices were ascer- 
tained, and the latices diluted to stock solutions of 200 g. per liter of dry 
rubber. 

A standard Daxad 11 solution was prepared by dissolving 30 g. of the 
powdered commercial product in distilled water to make a liter of solution. 
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Other concentrations required were obtained by dilution of this stock 
solution. 

The absorption studies were conducted in every case by titration of the 
latices at 50° C. with either soap or Daxad 11 solutions using conductance 
to detect titration end points (1). All conductances were measured with a 
Leeds and Northrup precision AC Campbell-Shackelton bridge. 


ADSORPTION OF Daxap 11 By PoLYMER IN LATEX 


Figure 1 shows a typical plot of the change in conductance, (L — Ly), 
vs. the milliliters of added Daxad 11 solution observed on titration of a latex 
with Daxad. This plot shows a discontinuity of the same type as observed 
during soap titrations, and suggests that we are dealing here with adsorp- 
tion of Daxad upon the rubber surface. That this is the case is further borne 
out by Fig. 2, where C, the concentration of Daxad 11 in the latex at the 
point of conductance break, is plotted against rubber content, m, at point 
of break for four latices. The linear plots are of the same type as found with 
soap solutions and indicate that the principles employed before (1, 2) with 
soap solutions apply equally well to Daxad; 7.e., the slope of the linear plots 
gives the amount of added Daxad 11 adsorbed per gram of rubber, while the 
y-intercept the value of C;, the concentration of Daxad in solution at the 
critical miscellization concentration (¢.m.c.). 
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Fra. 1. Conductance titration of late. with Daxad 11 at 50°C. 
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Fia. 2. Plot of C vs. m for Daxad 11 on various latices at 50°C. 


THe EFFECTIVE SURFACE AREA OF DaxapD 11 


After preliminary observations have shown that Daxad 11 is adsorbed by 
the rubber particles in latex, a series of experiments was initiated to ascer- 
tain the area occupied on the surface per gram of Daxad 11. For this 
purpose the areas available for adsorption were first determined in three 
latices by soap titration in the usual manner. Next fresh samples of these 
- latices were titrated with Daxad solutions. In each case at least three rubber 
contents were used to define the C' vs. m plots. The results obtained are 
summarized in Table I. In the table the fourth column gives the initial soap 
content of the latices in equivalents per gram polymer, the fifth column 
gives the additional soap adsorbed in the same units, and the sixth column 
gives the free surface area of the latices as evaluated from the data in 
column 5. The quantities in column 7 are the slopes of the C vs. m plots for 
the Daxad titrations, and represent the grams of Daxad 11 adsorbed per 
gram of polymer upon the areas shown in column 6. Since the molecular 
weight of Daxad 11 is not known, the best that can be done here is to cal- 
culate the effective surface area per gram of Daxad. This area, which is 
the ratio of the values in column 6 to those in 7, is presented in the last 
column of the table. 

The effective specific surface areas obtained for the Daxad 11 may be 
seen to be essentially the same for all three latices, and to be equal to 
11 X 1022 A’. per gram of Daxad. This is about 2.2 times the area occupied 
on the polymer surface at the c.m.c. by a gram of sodium oleate. Some 
titrations made in this laboratory on solutions of Daxad 11 in water indicate 
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TABLE I 
Effective Surface Area of Daxad 11 
oe oo Daxad 11 Effective area 
ee ae eA Si5c460. 59 5Kio a eae ae 
12 OSR 2.63 2.62 4.18 0.0414 10.1 
13 K-wood rosin 2.26 1.56 3.30 0.0279 11.8 
14 Dresinate 731 277 2.19 5.76 0.0500 11.5 


Average 11.1 + 0.7 


Note: Compositions of latices were as follows: No. 12—70/30 butadiene-styrene; 
No. 13—50/50 butadiene-styrene; No. 14—70/30 isoprene-styrene. 


that the equivalent weight of Daxad may be about 3200. If we assume that 
this is also the molecular weight, then the effective surface area of a mole- 
cule of Daxad is about 600 A’. compared to 28.2 A’. for the oleate molecule. 

In this connection it may be pointed out that similar studies made with 
duPont Aquarex D and General Aniline SA-178 (concentrated grade) gave 
as the effective surface area per gram of the former 6.80 X 1022 A’., and 
6.44 X 1022 A”. for the latter. 


TITRATION OF LATEX WITH SOAP IN PRESENCE OF Daxap 11 


Since Daxad 11 is adsorbed by the polymer in latex, it is of interest to 
ascertain the strength of this adsorption compared to soap, and to find out 
whether presence of Daxad 11 interferes in any way with the determination 
of latex particle size by soap titration. For these purposes six latices were 
titrated first conductometrically with the appropriate soaps to determine 
the moles of soap required for coverage of the total surface per gram of rub- 
ber at the c.m.c. Next, given amounts of Daxad 11 were added to fresh 
samples of the same latices, and the titrations repeated to see how much 
total soap is adsorbed per gram of rubber in presence of the Daxad 11. 

The results thus obtained are summarized in Table II. Comparison of 
the data listed in column 6 observed in presence of Daxad and column 7 in 
absence of this emulsifier shows that essentially the same results are ob- 
tained whether Daxad 11 is present or not. This means that Daxad 11 in a 
latex does not interfere with the soap titration method for particle size deter- 
mination. Further, the reason for this noninterference is that Daxad 11 
is displaced from the polymer surface by both fatty and rosin soaps added 
during the titration. It must follow, therefore, that Daxad 11 is less strongly 
adsorbed by the polymer than either rosin or fatty acid soaps. 

Although presence of Daxad in a latex causes no difficulty during the 
soap titration, it does interfere with the conductometric determination of 
the initial soap content of the latex. During the HCl titration in 50% 
isopropanol both the Daxad and soap react with the acid, and hence both 
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TABLE II 
Adsorption of Soap by Latices Containing Dazad 11 
. Sa X 104 
Latex Grams Daxad 11 "With Without 
no. Soap present Soap added added per liter Daxad Daxad 
12 OSR Oleate 2.07 2.61 2.62 
15 OSR Oleate 2.07 2.03 2.05 
13 K-wood rosin K-wood rosin 1.07 1.49 1.56 
16 K-wood rosin K-wood rosin 1.07 2.81 2.88 
14 Dresinate 731 Dresinate 731 2.61 94,594 2.19 
il? Dresinate 731 Dresinate 731 2.61 3.89 3.81 


Note: For compositions of latices 12, 13, 14 see Table I. No. 15—50/50 butadiene- 
styrene; No. 16—50/50 butadiene-styrene; No. 17—isoprene-styrene. 


are included in the evaluation as soap. However, the error involved is small 
owing to the relatively small quantities of Daxad normally present in a 
latex, and owing to the high equivalent weight of the Daxad compared to 
soap. Thus, if a latex contains, say, 5 parts of soap and 1 part of Daxad per 
100 parts of polymer, the error in the initial soap content introduced by the 
Daxad will be 1.8 %. If, further, the initial surface coverage of the polymer 
with soap is 50 %, then the error involved in the total adsorbed soap at the 
c.m.c. will be only 0.9%, and this will be also the error in the surface area 
and particle size estimation. 


Tae CriticaL MiceLuE CONCENTRATION OF DaxapD 11 


Conductance measurements at 50° C. on aqueous solutions of Daxad 11 
showed that the commercial product micellizes at a critical concentration of 
0.80 g. per liter. This value may be compared with the values of C; found 
in the titrations of latex with Daxad 11, 7.e., the y-intercepts of plots such 
as shown in Fig. 2. The average of these is 0.77 g. per liter; this checks well 
with the result for the c.m.c. found in aqueous solution. 
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SUMMARY 


Daxad 11 is adsorbed by the polymer particles in both fatty acid and 
rosin soap latices. The amount of Daxad adsorbed is directly proportional to 
the surface area available for adsorption. At the critical micelle concentra- 
tion of Daxad in solution the effective area occupied by the Daxad on the 
polymer surface is 11 x 10” A’. per gram, which is about 2.2 times the 
area occupied by a gram of sodium oleate. 

Adsorbed Daxad 11 may be displaced completely from the polymer sur- 
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face by addition of both fatty and rosin acid soaps to the latices, and 
hence Daxad is adsorbed less strongly than the two types of soap. Further, 
this displacement permits the determination of surface area and particle 
size of the latices by the soap titration method without interference by the 
Daxad. 

The c.m.c. of Daxad 11 at 50° C. has been found to be 0.80 g. per liter in 
aqueous solution, and 0.77 g. per liter in latex. 
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INTRODUCTION 


Preceding papers in this series (1, 2, 3) described a method for the deter- 
mination of the surface area and particle size of synthetic latices which 
involves titration of the latices with emulsifiers until the critical micelle 
concentration (c.m.c.) of the latter is attained in solution. Heretofore the 
method has been applied to latices stabilized by anionic emulsifiers such as 
fatty and rosin acid soaps and Daxad 11, and the titrating agents were also 
these substances. In every instance the latices involved were alkaline in 
_character, and the dispersed polymer particles bore a negative charge. 

It is a well-known fact that synthetic latices can be prepared as well with 
cationic emulsifiers. Such latices are generally acid, and the latex particles 
carry a positive charge due to adsorption of the emulsifier cation. Further, 
these latices are as a rule unstable on the alkaline side, and they tend to 
coagulate on addition of soap or soap-containing latex. It is therefore im- 
possible to determine their surface area and particle size by titration with 
soap. However, it is still possible to apply the adsorption method provided 
we titrate the positive latex with a solution of a cationic emulsifying agent. 
It is the purpose of this paper to demonstrate this point by presenting re- 
sults obtained on titration of latices emulsified with laurylamine hydrochlo- 
ride with the latter substance. 

The latices investigated here were supplied us by the B. F. Goodrich 
Company and the Government Laboratories operated by the University of 
Akron. They contained, besides the laurylamine hydrochloride, some 
AICI, as well as possibly some free HCl. The latter substances introduced 
difficulty in analysis of the latices for initial amine content, and hence a 
new analytical procedure had to be developed to overcome the difficulties 
encountered. 

353 


354 MARON AND ELDER 


TABLE I 


Determination of Chloride in Amine Salt Solutions and in 
Latex by Titration with AgNO3 


Milliequivalents chloride found 


Method in 25 ml. latex in 10 ml. amine soln. 
Conductometric titration 1.578 0.978 
Potentiometric titration 1.578 0.982 


ANALYSIS OF LATICES FOR AMINE CONTENT 


Determination of the amine contents of these latices by conductometric 
or potentiometric titration with NaOH was found to be unsatisfactory. 
Hence, it was found necessary to resort to another method of analysis to 
obtain the amine content. The scheme finally adopted involved first the 
determination of the total chloride content of the latices with AgNOs;, and 
next determination of the chloride not present as amine hydrochloride. The 
difference between the first and second of these determinations was taken 
to be the amine content of the latex. It was assumed throughout that the 
latices contained only amine hydrochloride, AICl;, and possibly free HCl. 

The total chloride content of the latices can be determined either by 
conductometric or potentiometric titration of the latices in water with 
AgNO;. Both methods yield results in satisfactory agreement, either in 
latex or in aqueous amine hydrochloride solutions, as may be seen from the 
results given in Table I. In the present study the conductometric method 
was used in the final analysis of the latices investigated. During such a 
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Fig. 1. Determination of free HCl content of latex. 
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TABLE II 
Recovery of AlCl; in Positive Latex and Amine Solutions by 
Conductometric Titration with Base 
Milliequivalents AlCl; 


Recovered as % ACs 

System Added HCl recovered 
Latex 0.182 0.167 92 
Amine solution 0.182 0.172 95 


titration no coagulation of rubber takes place when the latex is diluted with 
water prior to addition of the silver nitrate. 

The chloride content of the latices due to any free HCl or AIC], was 
determined by conductometric titrations of samples of the latices with 
standard NaOH (Fig. 1). Preliminary experiments have shown that AICI, 
can be titrated with base with recovery of almost 3 equivalents of acid 
as HCl for every mole of AlCl; taken. To check how effective this recovery 
is in the presence of amine or in the latex, a definite quantity of AlCl; was 
added to previously analyzed amine hydrochloride solution and latex, and 
the samples analyzed for increase in HCl content as shown by conducto- 
metric NaOH titration. The results shown in Table II indicate that the 
~ recovery is better than 90%. Since the quantity of AlCl; present in the 
latices is small, the uncertainty introduced by the low result for AIC]; is 
also small, and in practically all cases does not introduce much uncertainty 
in the value for the amine content of the latices. 

Electrode contamination and rubber coagulation do not take place during 
the above titration. These difficulties appear only during the subsequent 
amine liberation stage of the titration with base. 

A summary of the analytical results obtained on the three latices used 
in this study by the methods described above is given in Table ITI. 


PREPARATION OF AMINE HYDROCHLORIDE SOLUTIONS 


To a given weight of laurylamine (Armour and Company product AM 
1120) was added an approximately equivalent volume of 0.1 N HCl, and the 
mixture heated to effect solution. The resulting solution was analyzed to 
ascertain whether excess of amine or acid was present, and any excess found 
was neutralized by addition of the requisite quantity of HCl or amine. The 


TABLE III 
Summary of Analytical Results on Amine Latices 
Monomer Dry rubber Total Chloride re- 
ratio content chloride content covered as HCl Amine content 
Latex Source (BD:St) (grams/liter) (equiv./liter) (equiv./liter) (equtiv./liter) 
401 Goodrich 75325 224 0.0870 0.0122 0.0748 
402 Goodrich 75325 236 0.0841 0.0018 0.0823 


403 Gov’t lab. 50:50 197 0.0631 0.0064 0.0567 
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Fig. 2. Conductance titration of positive latex with laurylamine hydrochloride. 


final solution was then analyzed for chloride content by both conducto- 
metric and potentiometric titration with AgNO3. The results obtained by 
the two methods were identical within experimental error. An analysis for 
amine content by addition of chloroform and titration with NaOH using 


phenolphthalein as indicator (4) gave results which were 1.7 % higher than 
the'ichloride analyses. 


TITRATION OF LATEX WITH AMINE HYDROCHLORIDE 


Titrations of the latices with laurylamine hydrochloride were carried out 
at 50° C. using the same procedure and conductance equipment described 
previously (1). The plot of conductance changes, (L — Lo), vs. milliliters 
of added amine salt shown in Fig. 2 is typical of the titration results ob- 
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Fig. 3. Plot of C vs. m for latex 403 at 50°C. 
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Fia. 4. Surface tension titration of positive latex with laurylamine hydrochloride. 


tained. For each latex at least four different concentrations were run to 
arrive at a plot of C, the concentration of added amine salt at the end 
point vs. m, the concentration of polymer at the same point. Figure 3, an 
example of such plots, shows the expected linearity, and yields from the 
slope Sa, the moles of added amine adsorbed at the c.m.c., while the inter- 
cept gives Cy, the c.m.c of the amine in the latex. 

Attempts were also made to determine the titration end points by surface 
tension rather than conductance measurements. Comparison of the result- 
ing plot given in Fig. 4 with the conductance plot in Fig. 2 shows that end- 
point determination by conductance is more definite and satisfactory, and 
is to be preferred to observation of the surface tension changes attending 
titration. 


RESULTS AND CONCLUSIONS 


The results obtained on titration of the three latices are summarized in 
Table IV. In this table S; is the initial amine content, S, the moles of added 
amine adsorbed at the c.m.c., and S; is the total number of moles of amine 
adsorbed at the c.m.c., all per gram of polymer. C; is the concentration of 
amine in moles per liter present in solution at the c.m.c as determined from 
the y-intercepts of plots such as Fig. 3. In order to calculate from these 
data the specific area, A, and the average particle diameter, D,, of the 
latices, the effective area of the laurylamine hydrochloride molecule is 
required. Since this quantity was not determined, we shall assume for it here 


‘TABLE IV 
Titration Results for Amine Hydrochloride Latices 
A 
Latexno. Sz X 104 Sa X 104 St X 104 Cy (moles/liter) (m.2/gram) Ds (A.) Pi 
401 3.34 0.76 4.10 0.0150 64.2. 1010 81.5 
402 3.49 0.80 4,29 0.0137 67.1 970 81.4 


403 2.88 1.40 4,28 0.0150 67.0 920 67.3 
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a value of 26 A2. as reported by Harkins and co-workers (5) on the basis of 
X-ray measurements on amine hydrochloride solutions. Using this value 
for the molecular amine area, we obtain the results given in columns 6 
and 7 for the area per gram and the particle diameter. The last column 
gives P;, the percentage of the total surface initially covered by amine in 
the various latices. 

From the results presented in this paper it is evident that the adsorption 
method can be extended to latices prepared with cationic emulsifiers. The 
assumption of the amine area in no way modifies this conclusion, for error 
in this area affects only the numerical values of A and D,, but not their 
relative values. In fact, when the effective area of an emulsifier is unknown, 
the results can be expressed in terms of S; without conversion to A or Ds. 
The actual area is then directly proportional to S,, while the particle 
diameter is inversely proportional to this quantity. 
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SUMMARY 


The adsorption method for determination of specific surface area and 
particle size of fatty and rosin soap latices has been extended to latices 
emulsified with a cationic protective agent such as laurylamine hydro- 
chloride. The procedure involves titration of the latex with standard solu- 
tions of the amine hydrochloride and detection of the end point by conduct- 
ance measurements. Surface tension was also tried as a means of end-point 
detection, but it is not as satisfactory as conductance. 

An analytical method has also been developed for determination of the 
amine content of latices in presence of free HCl and AICl;. The method 
involves the determination of the total chloride content of the latices by 
potentiometric or conductometric titration with AgNOs;, and then the 
chloride content due to free HCl and AlCl; by conductometric titration 
with NaOH. The amine content follows as the difference between the two 
analyses. 

With these methods, the specific surface areas and particle diameters of 
three amine latices were determined. In calculating these quantities a value 
of 26 A®. was employed for the area occupied on the polymer surface by a 
molecule of laurylamine hydrochloride at the critical micelle concentration. 
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SOME CONSIDERATIONS ON THE INTERACTIONS BETWEEN 
PARTICLES IN THE PRESENCE OF A WALL-FLOCCULATION: 
AND ADHESION AS INFLUENCED BY THE CUMULATIVE NET 
WEIGHT OF THE PARTICLES’ 
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ABSTRACT 
Experimenta With sso Hine wilde suspensions ilustrate that the height of the 


the, prvestizl mesexsements 2nd shallow oil microscopic observations show rela- 
tively trong repulsion between individuel particles and glass and between particles 
 themsthyes, there being 20 Gocedation, it wee observed that much adhesion of par- 
tides to the eotainer bottom developed after settling, if the suspension was rela- 
tivaly tall. On the other band, in the acid medium, where the zeta potential measure- 
saemie 2nd thzllow <l doservations show attraction between glass and individual 
partides bt sill Bight repulsion between particles themselves and therefore no 
 Sacediztion normally, the Aiect of increased suspension height was to decrease the 
| ehketion zh the gas bottom while bringing about focculation. 


| greater than that corresponding to a layer one particle high on the bottom, 
_ it is expected that the degree of adhesion to the bottom will be directly 
| dependent on the balance of dectrostatic and nonelectrostatic repulsion- 
| - attraction forces between the particles and the glass surface and also indi- 
wiiusl partide characteristics, such as Brownian movement, weight, size, 
and shape 3,7, reference in footnote 2). 
| But if the tote] number of particles corresponds to a heavier sediment, 
2 Plocesistion (eoagulstion) is defined in all this work 2s the grouping together 
| A the majority A the “individual” particles of 2 suspension, which are mostly mi- 
_aoscopie O-0 ») 2nd submicroscopic (<1 y) in size, to become macroscopic (> 100 ») 
in Size. 

* The dzta cited are from Bender, M_- “Brownian Movement—Hlectrieal Charge— 
Pisceiztios.” PhD. Dissertztion, New York University (194%). See also reference 
@- 

* American Cyanemid Company, Bound Brook, N. J. 
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whether due to increased height of the suspension or greater particle concen- 
tration, it may become necessary to reckon with still another factor in 
order to understand the adhesion. This is the cumulative net weight of the 
particles one on top of another, and it can bring about not only adhesion 
results quite different and opposite to those expected but also flocculation. 

This is important to consider in connection with suspensions in general. 
Also it should be useful in ore flotation research, where one may be studying 
the relationship between the degree of particle adherence at the bottom of 
a container, the zeta potential, and the degree of flocculation, in various 
electrolyte media and interpreting this in terms of the tendency of the 
particles to “float.” Papers by Bankoff (1), Kellogg (6), Taggart et al. (8), 
and Sun (7) are interesting in this connection. 

The following experiments with sphalerite particles in alkaline and in 
acidic media are illustrative of the importance of the “‘cumulative weight” 
factor. 


EXPERIMENTAL 


Sphalerite suspension was prepared by first dry-grinding the mineral in 
a ‘‘Diamonite”’ mortar and pestle, then pasting with a small amount of 
distilled water and letting this down with more water to 0.025% solids by 
weight. This “master”? suspension was then diluted 50:50, respectively, 
with 0.002M Na:CO; and 0.002M H:SO, to give the preparations now 
under consideration. Most of the particles were between 0.1 and 0.5 yw in 
radius. Neither suspension was flocculated when first prepared, the degree 
of dispersion appearing to be the same as judged by comparative settling 
rates and examination with the microscope. 

Five different suspension heights were considered for each of the two 
preparations. The lowest was less than 35 yw and consisted of the ‘shallow 
cell’? which is prepared by placing a microscope cover glass over a drop of 
the suspension on a glass slide. Here the extent of the adhesion was deduced 
on the basis of microscopically observing whether the particles were in 
Brownian movement, since adhering particles do not exhibit this activity 
(2). The next lowest height was about 1 mm. and corresponded to droplets 
of the suspensions positioned on glass slides with no cover glasses. The 
other heights, namely 2.5, 4.0 and 5.0 em., respectively, were the suspension 
heights in 50 cc. beakers and also 10 cc. vials, 6 cm. high. Degree of ad- 
hesion for all experiments outside the shallow cells was judged visually 
after drawing off the preparation, lightly rinsing the surface, and drying 
over a flame. All suspensions were well shaken before any settling-ad- 
herence studies were made. Note that prior to use, the glassware was first 
washed with soap and water and rinsed, then treated with chromic acid 


solution, followed by thorough rinsing with distilled water and finally 
alcohol. 


INTERACTIONS BETWEEN PARTICLES 


TABLE I 


Adhesion of Sphalerite to Glass in 0.001M NaxCO; and in 0.001M H2SO. 
as a Function of Suspension Height 
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Degree of adhesion 


the 


Fao * | Height of suspension | Period of settling 
In 0.001M Na2zCOs In 0.001M H2SO« 
1 <35y 1-2 min. Practically none | Practically all 
particles 
27 | About 1mm. | 20 min. Some deposit More deposit than in 
NaveCO; 
3 2.5 cm. 3 hrs. Much Quite small visually 
(beaker) 
4 4.0 cm. (vial) | Several hours | Much Visually little or none 
5 5.0 cm. (vial) | 20 min. Much Visually little or none 
2 weeks Very dense ad- | Granular loose cake 
hering com- coming readily off 
pact cake the bottom 


* Droplets taken from preparations of No. 5 after shaking after the 20-minute 
settling. No. 2 was repeated by first placing single drops of 0.002M NazCO; and of 
0.002M H:2SO, on the slides and to these solutions adding one drop of the 0.025% 
“master’’ suspension. Now the adhesion was about the same from the acid as from 
the alkaline media. 


The experiments which were made are summarized in Table I. These 
data illustrate very well that the degree of adhesion can vary extremely, 
depending on the height of the suspension. The periods of settling (prior 
to examination of the container bottoms for adhesion) were of sufficient 
duration to allow most all the particles of the suspensions to settle fairly 
close to each other at the bottom. With further passage of time the degree 
of adhesion changes but little except for the taller alkaline suspensions 
where the cake becomes more firmly packed and adhering. In Experiment 
No. 5, the extreme of two weeks caused the alkaline cake to become so 
dense that vigorous shaking was required to resuspend it. However, the 
original degree of dispersion was obtained, although, as described below, 
this was not quite so with the acid sediment. 

Flocculation was not evident at all for the alkaline suspensions. The acid 
ones, however, although not flocculated when first prepared, became so 
when a sufficient number of the particles (in the case of the taller suspen- 
sions) settled into close proximity in the vicinity of the bottom of the 
container. This could be seen for instance in Experiment 5, when the vials 
were carefully inverted after standing for about 20 minutes. The acid 
sediment was granular and flocculated, its coarseness relative to the alkaline 
sediment (which went readily back into suspension in the form of a cloud 


of fine particles) being very obvious. 
Nevertheless, whatever flocculation was observed was not completely of 
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TABLE II 
Electric Charge of Sphalerite Particles and Glass Surface in Alkali and Acid 
Sphalerite Glass 
Gv2 ig? CV ee 
0.001M Na2CO; | —2.11 —27.5 —2.95 —38.3 
0.001M H.SO, | eine —14.6 20,38 —4.9 


¢ Cataphoretic velocity in microns/sec./volt/cm. 
> Zeta potential in millivolts. Calculated from C.V. by the Helmholtz-Smolu- 
chowski equation. 


permanent nature because the floccules could be broken up again into indi- 
vidual particles by shaking. This was true for acid suspension settling for 20 
minutes as well as for suspension settling for two weeks. Actually, the 
original degree of dispersion was not quite obtained on shaking, this being 
more true in the situation of the two weeks settling. For instance, although 
most all the floccules were broken up on shaking, it could be seen visually 
and by microscope that these individual particles so obtained were on the 
whole somewhat coarser than originally. 


DISscUSSION 


An explanation of how the height of the suspension can have such pro- 
nounced effect on the adhesion in either the alkaline or the acid medium 
and also on the flocculation in acid medium, may be sought with the aid of 
theoretical considerations such as have been made by Hamaker (5) and 
Verwey and Overbeek (9) applied to the electrokinetics in the present sys- 
tems. Table II gives these data for the particles and the glass surface as 
obtained with a Northrup-Kunitz cataphoresis cell (2). 

The appreciable repulsion between particles and glass in the alkaline 
medium is the reason for there being no adhesion of particles in the alkaline 
shallow cell. In the acid shallow cell, however, with the glass almost at the 
isoelectric point,‘ there is adhesion. 

Flocculation was absent in the alkaline medium owing to the high mutual 
repulsion between the particles. In the acid medium with the particle charge 
being less negative and the repulsion between particles accordingly less, 
there was flocculation but only in the taller suspensions after they had 
been allowed to settle. These floccules could be broken up by vigorous 
shaking, although not quite to the original degree of dispersion, indicating 
some strong attraction by virtue of the particles’ penetrating into a mini- 
mum energy field. 


This difference in flocculation in the acid medium depending only on the 


‘With greater acidity the charge of the glass becomes positive. For instance, at 
0.002M H»SO, the zeta potential is +16.6 millivolts. 


INTERACTIONS BETWEEN PARTICLES 363 


suspension height must be explained in terms of the greater cumulative 
net weight of particle on particle in the taller suspensions. With the in- 
creased force due to gravity, the particles can penetrate the comparatively 
low repulsion barriers of each other, the breakthrough being so rapid that 
they attach at random, that is, at first sight so to speak, thus giving the 
flocculated loose structure observed. 

Meanwhile the adhesion to the bottom (or the cohesion with other 
floccules) becomes practically nil, because any area of contact of the volu- 
minous and irregular shaped floccules with the glass (or other floccules) is 
so small compared to the over-all floccule surface and weight that they do 
not hang on in the face of any degree of disturbance such as inverting the 
container or rinsing (see Ehrenberg (4); von Buzagh (3), p. 166-7; Hamaker 
(5); Verwey and Overbeek (9), p. 15, 17; and Sun (7)). 

In the tall alkaline suspensions despite the higher zeta potentials in the 
system there is also penetration of the repulsion barriers owing to the 
cumulative net weight of the particles. But now, with the stronger re- 
pulsion between particles and particles and glass bottom, this action is 
quite slow compared to that in the acid medium. The particles, being in 
Brownian movement, move about and slide over each other and over the 
glass bottom as they are forced closer with settling. There is time to squirm 
and fit into crevices before the attraction forces prevail so that a compact 
sedimentation cake in close contact and strongly adhering to the con- 
tainer bottom eventually results.® It is interesting that the alkaline sedi- 
mentation cake, unlike the acid floccules, does revert to the original degree 
of dispersion on shaking, thus showing that the repulsion barriers have not 
yet been too strongly overstepped. Continued settling as in Experiment 5 
(two weeks) brings the particles more into the field of minimum energy, 
as is evident from the more compact cake more difficult to redisperse. 
Evidently, centrifuging would probably bring the particles so close to each 
other that there would no longer be reversibility of dispersion (see Hamaker 
(5)). 

It is thus seen that the height of a suspension may have much to do 
with the adhesion of particles at the bottom and also any flocculation. 
Explanation is given. These possibilities should be carefully considered in 
connection with adhesion and flocculation studies in general. 
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LETTER TO THE EDITOR 


FACTORS LIMITING THE SOLUBILITY OF NONIONIC 
DETERGENTS IN WATER 


In a recent Letter to the Editor of this Journal, M. H. J. Weiden and 
L. B. Norton (1) described temperature-phase diagrams for aqueous solu- 
tions of ‘“Triton’’ X-100 and ‘‘Thiosolve” 8139. These two nonionic de- 
tergents,! both of which contain an ethylene oxide polymer unit as a major 
substituent in the surface-active molecules, were completely miscible in 
water at room temperature but separated into two phases, the heavier 
phase being detergent rich, above 60°C. The important observation re- 
ported by Weiden and Norton is that aromatic liquids in amounts of the 
order of 1-10 g./l. of detergent solution lowered the temperature at which 
phase separation occurred by 5-50°C. In several cases separation could be 
produced in aqueous mixtures at room temperature, starting with aro- 
matic compounds and detergents that were normally miscible with water, 
by themselves, at room temperature. 

Although nonionic detergents based on ethylene oxide have been used 
commercially for many years, little or no attention has been given to this 
unusual effect of aromatic compounds, at least as far as the scientific litera- 
ture is concerned. Undoubtedly many industrial chemists have encountered 
some manifestations of this effect while working with these detergents, 
but these results remain unpublished. It is the purpose of this note to pre- 
sent some pertinent observations, based on our previous experience with 
these nonionic detergents, that could not be readily interpreted until Wei- 
den and Norton presented their work. These observations will consist of 
three parts: 

1. A presentation of further data in support of the generality of the 
observations of Weiden and Norton. 

2. A suggestion that pH is an important factor affecting the solubility 
of nonionic detergents that was not examined by Weiden and Norton. 

3. A review of some industrial applications utilizing the indicated meth- 
ods for decreasing the solubility of these nonionic detergents. 


GENERAL OBSERVATIONS 
An initial observation established that aqueous solutions of a variety of 
nonionic surface-active agents based on ethylene oxide polymers had the 
same general behavior when mixed with catechol and similar phenols. As 


1 Commercial products from Rohm & Haas Co., Philadelphia, and Geary Chemical 


Corp., New York, respectively. 
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an example, it was observed that “Agent L,’’? made by condensation of 
28 g. technical 1-hexadecanol with 83 g. ethylene oxide in the presence of 
0.3 g. Na at 175°C. for 4 hours, was completely miscible with water at 
room temperature. Addition of a 20% aqueous solution of catechol to a 
20% solution of “Agent L” in water at room temperature immediately 
changed the solution into a turbid mixture from which two layers promptly 
separated. 

In a similar room temperature experiment, equal parts of a 20 % aqueous 
solution of “Agent L” and a 12% aqueous solution of sodium o-chloro- 
phenolate were mixed to form a homogeneous solution. Addition of a small 
amount of dilute sulfuric acid acidified the solution, thereby liberating the 
free phenol and producing a phase separation similar to that produced by 
catechol. The composition of the oily phase that separated corresponded to 
approximately 25% o-chlorophenol, 60% “Agent L,” and 15% water. 

It was also observed that a 20% aqueous solution of catechol would 
cause phase separation at room temperature when added to a 20 % aqueous 
solution of ‘“Tween’’ 20 (Atlas Powder Company, described as a sorbitan 
monolaurate polyoxyalkylene derivative), or a 5% aqueous solution of — 
“Agent M,’ a condensation product made by the same general procedure 
as “Agent L,’” but having a ratio of 1 mole octadecanol to 16.3 moles of 
ethylene oxide. 

pH E¥FECTS 


There is a significant difference between the two experiments described 
above in which phase separation of “Agent L”’ solutions occurred. The 
catechol solution alone produced this separation, whereas the mixture of 
“Agent L’’? and o-NaOC,HiCl in water separated only on acidification. 
This difference between phenols and alkali phenolates was observed con- 
sistently in our work. Weiden and Norton do not report the pH of the 
aqueous solutions for which they present temperature-phase diagrams. It 
seems likely that the boundary between one and two phases, as given by 
them, would be quite sensitive to pH, at least in the case of the phenol- 
water-‘“Triton’”’ X-100 system (their Diagram 3). 

No explanation has been proposed for the difference in effect between 
free phenols and their salts. It has been definitely established that the 
effect is observed consistently. For example, for detergent solutions at any 
given initial pH, the strongly acidic o- or p-nitrophenols are poorer coagu- 
lants for nonionic detergents than the less acidic m-nitrophenol or C;H;0H 
itself. The more weakly acidic phenols of course have a greater concentra- 
tion of free phenol at any given pH. 


INDUSTRIAL APPLICATIONS 
Many industrial processes rely on controlled methods for converting 
water-soluble detergents and surface-active agents to insoluble forms. For 
example, the rubber latex industry relies heavily on coagulation techniques 


LETTER TO THE EDITOR 367 


such as acidification of soap-stabilized latexes (2). An important feature of 
the commercial processes for emulsion polymerization of synthetic rubbers 
is the coagulation step, accomplished with salt and acid for the soap- 
stabilized GR-S dispersions (3) or by freeze-coagulation of rosin-soap 
stabilized neoprene dispersions (4). The stability of latexes or dispersions 
stabilized with nonionic surface-active agents containing the ethylene oxide 
polymer unit is such that these systems resist the conventional methods of 
coagulation. This has led to the proposal that heat be used for coagulation 
of such systems (5, 6, 7, 8). This is unsatisfactory for many latex systems. 
The coagulating effect of phenols on nonionic surface-active agents was 
recognized as having considerable commercial interest when it was first 
discovered by Bachle (9). 

Examples of the use of this process can be selected from our investiga- 
tions: 

1. Standard neoprene latex (10) was made acid-stable by addition of 
“Agent L” in amounts that gave a final proportion of 3 parts nonionic 
agent per 100 parts of neoprene, as well as the usual 4.5 parts of anionic 
surface-active agent. The latex was then sensitized with 5.3 parts of an 
aqueous solution made from 4 parts water, 0.8 part catechol, and 0.5 part | 
tetraethanolammonium hydroxide. Strong, smooth neoprene films 0.015 
in. thick were produced by dipping a form first in a mixture of equal parts 
of ethanol and acetic acid, and then in the latex. If the sensitizing solution 

_had not been added, no film would form on dipping. 

2. A 50:50 mixture of butadiene and styrene was emulsified in an 
aqueous solution of “Agent L”’ containing potassium persulfate as a poly- 
merization catalyst. The latex that formed on polymerization contained 
10 parts ‘Agent L”’ per 100 parts of water. It could not be coagulated by 
addition of half its weight of 37% aqueous HCl. In contrast, one-third its 
weight of 40% aqueous catechol coagulated the latex completely. 

3. A similar neoprene latex was made by emulsion polymerization of 
chloroprene under conditions giving a final latex containing 4 parts 
“Agent L” per 100 parts water, with a pH of approximately 2. This latex 
could not be coagulated by acids or electrolytes. Instant coagulation oc- 
curred at the interface between the latex and an aqueous solution con- 
taining 10-20% of phenol, catechol, resorcinol, or pyrogallol. The follow- 
ing phenols, which were added to the latex as aqueous solutions of the 
sodium salts because of the poor solubility of the free phenols, caused coag- 
ulation of the latex on addition of acid to adjust the pH to 2: o-cresol, 
p-cresol, hexyl resorcinol, resorcinol monomethyl ether, o-fluorophenol, 
o-chlorophenol, p-chlorophenol, p-bromophenol, m-nitrophenol, and 
1-naphthol. 
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BOOK REVIEW 


Current Chemical Papers is a new publication of the Chemical Society of London, 
published at £2.10s.0d per annum ($7.50) post free or, for copies sent by air mail to 
addresses outside Europe, £4.5s.0d per annum ($12.75). There will be no Index. 

This publication is a monthly classified world list of new papers in pure chemistry, 
containing the titles, with authors’ names and references to the original J ournal, of 
relevant papers published in journals received during the previous month. Although 
the titles of papers will be expanded, where necessary, by the addition of a few 
words, Current Chemical Papers is intended to inform research workers of papers more 
rapidly than would be possible in a journal publishing full abstracts. 

Readers of this journal would find this new service of more value to them if the 
Editors would classify papers under the separate headings of the type: (a) Colloids 
and Surface Chemistry, (b) Polymers and Polyelectrolytes, rather than distributing 
the papers belonging to these categories under such overloaded titles as ‘“‘Equilib- 
rium Properties and Thermodynamics”’ and “Structure in Condensed Phases.’? 

Vicror K. La Murr, New York, New York 


The Proteins. Chemistry, Biological Activity and Methods. Edited by KENNETH 
BaitEey and Hans Neuratu. Academic Press, Inc., New York 10, N. Y. Volume 2, 
part A, x + 661 pp. Price $14. 

This is the third volume (although called Volume II, Part A) of the most useful 
compendium on the subject which has appeared to date. Unlike the preceding two 
volumes (Parts A and B of Volume I) the arrangement of material here is by groups 
of individual proteins rather than by broad topics or groups of properties. There 
is surprisingly little duplication of material already presented in the earlier volumes. 
- The very fact that this is so is noteworthy as an indication that protein studies of a 
theoretical nature (organic and physical chemistry) have tended to concentrate on 
and develop a rather small group of phenomena out of the whole range of remarkably 
diverse and biologically significant properties which characterize the proteins. The 
present book also serves to remind one again of the limitation of material to a rela- 
tively small group of proteins in the most highly developed physicochemical work. 

The present volume has chapters on Nucleo-proteins and Viruses (R. Markham 
and J. D. Smith) ; Oxidizing Enzymes (T. P. Singer and E. B. Kearney) ; Respiratory 
Proteins (F. Haurowitz and R. L. Hardin); Toxic Proteins (W. E. Van Heyningen) ; 
Milk Proteins (T. L. McMeekin); Egg Proteins (R. C. Warner); Seed Proteins (S. 
Brohult and E. Sandgren); Proteins and Protein Metabolism in Plants (F. C. Steward 
and J. F. Thompson); and Protein Hormones (C. H. Li). Although they differ con- 
siderably in emphasis and organization, all of the chapters are excellent. They pro- 
vide very complete summaries of the literature to the end of 1951 in a fully digested 
form that is easy to use. There is very little tendency, however, to be merely en- 
cyclopedic. With few exceptions work is not merely cited but discussed in a significant 
context. If often one would wish the discussion had been more complete, one must 
also recognize the limitations of space in a work that is so exhaustive. The omission 
in some chapters of a few uncritical references to obsolete earlier work might have 
permitted more adequate discussion of more recent and more significant results. 

It is probably to be expected that the present volume is richer in biological aspects 
and considerations than the earlier volumes. 

The prospective purchaser of Part A alone is warned that it contains no index. 
Indices to both parts are to be contained in Part B to be published this summer. 

JACINTO STEINHARDT, Cambridge, Mass. 
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ERRATA 


Supplement 1, in the article, “The Penetration of Ions into Charged 
Films,”’tby J. T. Davies and Sir Eric Rideal: 


p. 4, paragraph 3, sentence 1, should read, “Figure 5 (6) shows 
the relation between ....” 


p. 5, in the legend for Fig. 5, omit refs. (6, 7) 


p. 8, ref. 6 should read, “6. Czeczowiczka, N., Ph.D. Thesis, 
Birmingham University (1953).”’ 


SOLUBILIZATION BY POTASSIUM LAURATE SOLUTIONS 
CONTAINING LAURIC ACID! 


Samuel Spring” and Edgar Howard, Jr. 


Department of Chemistry, Temple University, Philadelphia 22, Pennsylvania 
Recewved July 9, 1954 


ABSTRACT 


Studies have been made of the solubilization of benzene by potassium laurate 
solutions containing lauric acid, with moderate quantities of 1-butanol present to 
improve solubilities. Up to a concentration of about 25% lauric acid relative to potas- 
sium laurate, the influence of increasing acid content is a regular increase in solubili- 
zation of benzene. This increase is substantially greater than that produced by an 
equimolar increase in butanol concentration. At a potassium laurate-lauric acid 
ratio of about 3/1 to 4/1 a sharp change in properties occurs; beyond this transition 
region increased lauric acid content causes a great reduction in the solubilization of 
benzene, an increase in viscosity, and a sharp decrease in the influence of butanol as 
a co-solubilizer. Observations in this transition region are interpreted as indicating 
a change from a spherical to a rodlike micellar structure. 


INTRODUCTION 


References to the influence of fatty acids on solubilization by soap solu- 
tions are limited in number. Thus, McBain and Richards (1) reported that 
oleic acid is solubilized by soap solutions to a somewhat greater extent 
than the equivalent hydrocarbon. Acid soaps were found by Ekwall (2) 
to dissolve in more concentrated soap solutions. Rather general statements 
have been made by Winsor (3) and Klevens (4) that fatty acids should act 
similarly to alcohols to increase the solubilizing capacities of soap solutions 
because of the hydrogen bonding tendencies exhibited by both materials. 
The most specific data available are the work of McBain and Lissant (5), 
who showed that the solubilization of hydrocarbons by 0.25 M potassium 
laurate solutions is markedly increased when 5 % lauric acid is added. 

The present investigation covers a much larger range of lauric acid con- 
centration than that of McBain and Lissant. To do this required the addi- 
tion of substantial quantities of a co-solubilizer, butanol being chosen for 
this purpose. 

1 Abstracted from the dissertation submitted by Samuel Spring to the Temple 
University Graduate Council in partial fulfillment of the requirements for the Ph.D. 


degree, June, 1952. 
2 Present address: Pennsylvania Salt Mfg. Co., Whitemarsh Research Laborato- 


ries, P. O. Box 4388, Phila. 18, Pa. 
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One reason for initiating this work was to determine whether enhanced 


solubilization by potassium laurate in the presence of lauric acid is asso- - 


ciated with acid soap formation, which might provide unusual micellar 
properties. Acid soaps of composition KL-HL, KL-2HL, 2KL-HL (6) 
and 3KL-HL (7) have been reported; the first two ratios would require 
very high concentrations of alcohol to form homogeneous systems at near 
ambient temperatures and were not given further consideration. 


EXPERIMENTAL 
1. Materials 


Lauric acid was Eastman Kodak White Label Grade; m.p. 44.5-45.5°C. 
All samples assayed to 100 + 0.1% lauric acid by titration with standard 
0.1.N alkali. Potassium hydroxide was Baker and Adamson Reagent. Dis- 
tilled water was used for all experiments. 1-Butanol was Merck Reagent 
Grade; b.p. 116-118°C. Benzene was Merck Reagent Grade (thiophene 
free). 


2. Preparation of Samples 


Samples were prepared in 250-ml. Erlenmeyer flasks with ground-glass 
stoppers. Lauric acid was weighed (-£0.01 g.) into the flask. The calculated 
quantity of standard 0.5 NV KOH and the desired quantity of water were 
added from burets. The samples were heated to 70° + 2°C. to yield ho- 
mogeneous systems and then were cooled to room temperature. Concen- 
trations are expressed as molalities; 1.e., moles of lauric acid or potassium 
laurate, or mixtures of the two, per 1000 g. of solvent. 


3. Solubilization Measurements 


Samples were maintained in a constant-temperature bath at 30.5° + 
0.1°C. In one type of experiment, a specified volume of butanol (co- 
solubilizer) was added, and benzene was introduced in increments of 0.25 
ml. Another portion was introduced as soon as the first was solubilized, 
When this no longer occurred, as evidenced by the presence of turbidity, 
the sample was agitated by shaking every 15 minutes. The last increment 
of benzene was in contact with the solution for at least 24 hours with manual 
shaking every 15 minutes for the last 2 hours. 

In another type of experiment, 10.0 ml. of benzene was added and then 
1-butanol was introduced in 0.25-ml. increments until the system was 
almost clear. The butanol was then added in 0.10-ml. increments at in- 
tervals of at least 2 hours until a clear system was obtained. 


4. Viscosity Measurements 


Measurements were made with an Ostwald-Fenske Viscosimeter (No. 
200). Since relative values are of the greatest interest, data are expressed 
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TABLE I 


Solubilization of Benzene by 0.6 Molal Potassium Laurate-Lauric Acid Mixtures 
Containing Butanol. T = 30.6°C. 


Eaurie atid Molar ratio Benzene solubilized (ml. per 100 g. of sample”) 
neutralized : 
(%) HL 6.3 ml. 7.1 ml. 8.0 ml. 
Butanol? Butanol Butanol 
66.7 2.0 0.0 0.2 0.8 
TAR 2.5 0.9 Pa 2.0 
74.5 2.9 1.5 1.9 2.5 
77.0 3.4 2.2 2.3 9.5 
80.0 4.0 = 8.5 = 
82.0 4.6 8.6 8.9 9.7 
85.0 Dall = 8.8 = 
87.2 6.8 8.2 8.7 9.4 
92.2 11.3 7.6 8.2 8.8 
100.0¢ == 6.2 7.0 UE 


2 Per 100 g. of sample including the specified quantity of butanol. 

> Milliliters of butanol per 100 g. of 0.5 molal potassium laurate-lauric acid mix- 
ture. 

¢ The value for the solution without any butanol is 3.2 ml. of benzene. 


in seconds. Each recorded value represents the average of five readings. 
A constant-temperature bath at 30.0° + 0.1°C. was used, and the sample 
was given 1 hour to reach bath temperature. 


RESULTS 


1. Solubilization of Benzene by Lauric Acid-Potassium Laurate Solutions 


The volume of benzene solubilized by 0.50 molal potassium laurate- 
lauric acid mixtures, as a function of percentage of lauric acid neutralized, 
was determined for systems containing various quantities of 1-butanol. 
These data are presented in Table I and Fig. 1. The benzene was solubilized 
fairly rapidly until just before the saturation point when 1-2 hours were 
required to solubilize the last increment of benzene. After saturation, a 
definite turbidity resulted and emulsified benzene floated to the top of 
the solution. 

The sharpness of the increase in solubilization of benzene in the region of 
75 %-82 % lauric acid neutralized is quite striking. The curve for the system 
containing 8.0 ml. of butanol approaches its region of maximum change 
sooner than the curves for 6.3 and 7.1 ml. of butanol; this occurs at 75 %-— 
77 %. The data are replotted in Fig. 2 as a function of the potassium laurate- 
lauric acid molar ratio. 

Since solubilization is a function of concentration of soap, it is possible 
that these data are influenced by the changing soap concentration as the 
percentage of lauric acid neutralized increases. Consequently, this work 
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BENZENE SOLUBILIZED (ML. PER 100 G.) 


BENZENE SOLUBILIZED (ML. PER 100 G.) 


" 
50 60 70 80 90 100 oe at) eee ee as 10 
LAURIC ACID NEUTRALIZED (%) MOLAR RATIO => 
Fia. 1 Fic, 2 


Fra. 1. Solubilization of benzene by 0.5 molal potassium laurate-lauric acid mix- 
tures in butanol-water solution at 30°C. Lower curve, 6.3 ml. butanol per 100 g. of 
0.5 molal KL-HL mixture; middle curve, 7.1 ml.; upper curve, 8.0 ml. 

Fie. 2. Solubilization of benzene by 0.5 molal potassium laurate-lauric acid mix- 
tures in butanol-water solution at 30°C. (molar ratio plot). Lower curve, 6.3 ml. 
butanol; middle curve, 7.1 ml; upper curve, 8.0 ml. 


was repeated with solutions having a fixed soap concentration to which 
quantities of lauric acid were added. The data obtained are given in Table 
II and Fig. 3. 

It may be observed that these data are substantially in agreement with 
the data presented in Figs. 1 and 2. 

In addition, the solubilization value for the system without butanol is 
given for 100% neutralized lauric acid (Table I). However, the solubiliza- 
tion process for this system was rather different. The benzene floated about 


as tiny particles which gradually disappeared as the saturation point ap- 
proached. 


2. Viscosity of Solutions of Lauric Acid in Potassium Laurate 


Values for the viscosity of systems similar to those investigated for 
solubilization characteristics are given in Fig. 4. It may be seen that a 
pronounced break in the curve occurs in the region of 77%-78% lauric 
acid neutralized. The viscosity decreases less rapidly with increased 
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TABLE II 


Solubilization of Benzene by Potassium Laurate (KL) Solutions Containing Lauric 
Acid (HL) in the Presence of Butanol. T = 30°C. 


AL, Free HL Molar ratio Benzene solubilized 
neutralized KL by 0.4 molal KL 

(%) (g. per 8.0 g. of KL) HL (ml. per 100 g. of sample”) 

100.0 0.0 = 8.0 

94.3 0.5 16.0 9.0 

88.9 1.0 8.0 10.1 

84.3 1.5 5.3 10.7 

80.0 2.0 4.0 iG 

76.2 2.5 3.2 2.7 

(OL 3.0 Pall eof 

69.6 3.5 2.0 0.7 

HL Free Molar ratio Benzene solubilized 
neutralized KL by 0.5 molal KL 

(%) (g. per 10.0 g. of KL) HL (ml. per 100 g. of sample?) 

87.0 1.5 Gel, 10.6 

83.5 2.0 5.0 Nghe 

80.0 2.5 4.0 3.5 

76.9 3.0 3.3 2.0 


2 Including 8.3 ml. of 1-butanol per 100 g. of sample. 
> Including 7.4 ml. of 1-butanol per 100 g. of sample. 


(SONOOD3S) ALISOOSIA 


BENZENE SOLUBILIZED (ML. PER 100 G) 


Se: 5S 6 Te Sad TOMI MICS LS SIS IG 


MOLAR RATIO HL 


Fic. 3. Solubilization of benzene in butanol-water solution at 30°C. by potassium 
laurate-lauric acid mixtures having fixed soap concentration. @, 0.5 molal KL solu- 
tion containing 7.4 ml. butanol per 100 g. of sample; O, 0.4 molal KL solution con- 
taining 8.3 ml. butanol; @, viscosities of solutions containing 8.3 ml. butanol. 
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Fra. 4. Viscosities of systems described in Fig. 1: lower curve, 7.1 ml. butanol; upper 
curve, 8.0 ml. butanol. 


neutralization past the points of inflection. The inflection points corre- 
spond very closely to the points at which the sharp alteration in solubiliza- 
tion is observed in Fig. 1. 

The viscosities of the systems of fixed potassium laurate content with 
increasing quantities of free lauric acid are given in Fig. 3. Sharp inflection 
points similar to those observed in Fig. 4 were not obtained. However, the | 
region of rapidly changing viscosity corresponds closely with the region of 
rapidly changing solubilization. 


3. Minimum Butanol Required for Solubilization of Fixed Quantity of Benzene 


In this experiment, a fixed amount of benzene was used and the volume 
of butanol required to yield an optically clear system was determined. The 
data are given in Table III and Fig. 5. 

The sharply defined transition region that was obtained is demonstrated 
by Fig. 5. The minimum in the curve occurs at 72% lauric acid neutralized 
by potassium hydroxide. 

The viscosities of this system are given in Fig. 6. The curve of Fig. 5 is 
inserted as a dotted line. It may be observed that the viscosity curve does 
not exhibit a minimum, as does the solubilization curve, but there is a 
rapid rise in viscosity below 72% neutralization (the minimum in the 
solubilization curve). For purposes of comparison, viscosities are also 
given for the equivalent system containing the same amount of butanol, 
but without solubilized benzene. It may be observed that the curves are 
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TABLE III 


Butanol Required to Solubilize 10.0 ml. of Benzene in 100 ml. of 0.6 Molal Potassium 
Laurate-Lauric Acid Mixtures. T = 30°C. 


0.477N KOH H20 Lauric acid Butanol 
neutralized 

(ml.) (ml.) (%) (ml.) 
104.8 0.0 100.0 13.9 
100.0 0.0 95.4 12.6 
90.0 10.0 85.9 Naber 
85.0 15.0 81.2 LO 
80.0 20.0 76.4 9.1 
US 22.5 74.0 8.9 
75.0 25.0 71.6 6.8 
72.5 27.5 69.3 7.8 
70.0 30.0 66.8 8.5 
65.0 35.0 62.1 10.0 
60.0 40.0 57.2 10.9 
55.0 45.0 52.6 12.0 


6 
oO 
° 
s BY 
Wi (op) 
a. 10 S 
of ce) 
= 9 ty 
w 
a > 
z ° 5 
” 
Ke (e) 
a7 3 
S 
6 
5 
50 60 70 80 90 100 50 60 70 80 90 100 
LAURIC ACID NEUTRALIZED. (%) LAURIC ACID NEUTRALIZED (%) 
Fia. 5 Fia. 6 


Fig. 5. Minimum butanol required to solubilize a fixed quantity of benzene (10 ml.) 
in 100 ml. of 0.5 molal potassium laurate-lauric acid mixtures at 30°C. 
Fia. 6. Viscosity of the benzene- and butanol-containing system described in Fig. 
5 (@). Viscosity of the same system in the absence of benzene (©). The curve of Fig. 
5 is inserted as a dotted line. 
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similar in form, but the systems containing solubilized benzene are con- 
siderably more viscous. 


DiIscuUSSION 


1. The Influence of Fatty Acid and Alcohol on Soap Micelles 


The thermodynamic stability of soap micelles is considered to be due to 
the reduction in interfacial free energy as the hydrocarbon portion of the 
soap molecule leaves its aqueous environment and obtains a hydrocarbon 
environment within the micelle. 

The increase in solubilization of a hydrocarbon by the addition of an 
alcohol to a soap solution is attributed to an increase in the size of the 
micelles and hence of the hydrocarbon environment that is available. The 
increase in solibilization of benzene by potassium laurate with increase in 
lauric acid content, which takes place up to about 25% free fatty acid 
content, may also be attributed to increased size of the soap micelles. 

Alcohols in soap solutions are considered to be introduced into the mi- 
celles with their polar groups contiguous to the polar groups of the soap 
molecules and the hydrocarbon portions parallel to the hydrocarbon por- 
tions of the soap molecules. Klevens (4) and Winsor (3) state that increased 
solubilization due to fatty acids would be the consequence of a similar 
structure. 

Quantitatively, the influence of the free fatty acid is considerably greater 
than that of the alcohol. Thus, Fig. 1 shows that an increment of butanol 
of 0.01 mole changes solubilization in the range of 75 %-100 % neutraliza- 
tion by about 0.7 ml. of benzene, whereas difference of 0.01 mole of lauric — 
acid has about four times this effect. This difference is even more striking 
in Fig. 5. Here, 0.0125 mole of lauric acid cause a reduction of 0.0889 
mole in the butanol required for solubilization of 10 ml. of benzene. Thus, 
the lauric acid has four to seven times as much influence on solubilization 
of benzene as butanol, on a molar basis. 

The influence of lauric acid in increasing the viscosity of potassium laurate 
solutions is greater than that of butanol (Figs. 4 and 6). In both instances 
this is probably due to the formation of larger micelles. 

Although these data cannot be used to draw firm conclusions, they do 
indicate elements of difference in the behavior of butanol and lauric acid 
when these are added to potassium laurate. As the amount of free lauric 
acid is decreased by neutralization with potassium hydroxide, the amount 
of butanol required to solubilize a fixed amount of benzene passes through 
a minimum. On one side of the minimum, the butanol required is a direct 
function of the lauric acid concentration; on the other side, the relationship 
is reversed. This is hardly compatible with the general concept that the 
alcohol and fatty acid have similar positions in the micelles. 
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2. The Formation of Different Micellar Species 


In the systems containing more than 25% lauric acid, the sharp reduc- 
tion in solubilization of benzene (Fig. 1) and the sharp increase in viscosity 
(Figs. 3 and 4) indicate a change in the micellar structure. Further evidence 
for a relatively abrupt change in micellar structure is provided by the data 
on the minimum quantity of butanol required to solubilize a fixed quantity 
of benzene (Fig. 5). These yield sharp minima at about 25% free lauric 
acid concentration, the same region as that at which the other data show 
rapid changes in physical properties. 

For the systems with more lauric acid, it might be inferred from the 
rather sharp increase in viscosity that the dissymmetry of the micelles is 
becoming greater. The formation of dissymmetrical micelles would have a 
greater influence on viscosity than moderate increase in size. Thus, it may 
be conjectured that the influence of additional free fatty acid past the 
transition region is to increase the size of the micelles and, particularly, to 
increase one axis of the micelles more rapidly than the other. 

It is pertinent that Hess (8) has found that the micelles in a potassium 
laurate solution, originally symmetrical, become quite dissymmetrical on 
addition of excess potassium hydroxide. This was indicated by X-ray 
diffraction measurements and a sharp increase in viscosity. 

One interpretation of the phenomena observed at the transition point 
would be that rodlike micelles are becoming longer and more dissymmetrical 
as more lauric acid is incorporated in the soap micelle. Another would be 
that a spherical micelle (of low viscosity and uniform solubilization charac- 
teristics) is transformed into a rodlike micelle, which then becomes ionger 
as more lauric acid is added. The abruptness of the transition region would 
tend to favor the latter concept. 

The changes in micellar properties at the transition region might make 
this a good system for the study of the size and shape of micelles. The 
components of the system on both sides of the transition region are identical 
with the exception of a small difference in free fatty acid content. This 
should offer considerable advantage over a system such as was used by 
Debye and Anacker (9) in which the soap solution had to be swamped with 
electrolyte in order to obtain dissymmetry of the micelles. Studies of this 
system might help to answer the questions concerning abrupt or gradual 
alteration of the size or shape of the micelles as the conditions of a soap 


system are changed. 
3. Acid-Soap Ratios at the Transition Region 


Because the composition at the transition region approximates the ratio 
of 3 moles of potassium laurate to 1 mole of lauric acid, corresponding to 
the insoluble acid soap 3NaL- HL reported as a product of hydrolysis of 
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sodium laurate solution (7), the constancy of the transition region is of 
interest. 

The limited data obtained thus far indicate poor conformance to exact 
stoichiometric ratios. Thus, the point of rapidly changing solubilization 
varied from a ratio of potassium laurate to lauric acid of about 3/1 to about 
4/1 when the butanol content was reduced by about 25 % (Fig. 2). Similarly 
this ratio varied from 3.5/1 to 4.5/1 with increase of the potassium laurate 
concentration by 10% (Fig. 3). 


SUMMARY 


Data have been obtained for the solubilization of benzene by potassium 
laurate solutions containing lauric acid in the presence of moderate quanti- 
ties of 1-butanol. Up to a concentration of about 25% lauric acid relative 
to potassium laurate, the influence of increasing acid content is a regular 
increase in solubilization. This increase is considerably greater than that 
obtained by equimolar increase in butanol concentration. Furthermore, 
the addition of lauric acid causes a substantially greater increase in vis- 
cosity than the addition of equimolar quantities of butanol. 

At a potassium laurate-lauric acid ratio of about 3/1 to 4/1 a sharp 
change occurs in a number of properties which might be interpreted as due 
to a change in micellar species. Beyond this transition region, increased 
free lauric acid content causes an extremely sharp reduction in solubiliza- 
tion, a sharp increase in viscosity, and an extremely sharp alteration of the 
influence of butanol as a co-solubilizer for benzene. Limited data, however, 
indicate the lack of precise stoichiometry in this range. 

The quantity of butanol required to solubilize a fixed quantity of benzene 
decreases and then increases sharply with increasing addition of lauric 
acid to potassium laurate. The results suggest that fatty acid and alcohol 
may have different effects upon the constitution of soap micelles, contrary 
to previous reports in the literature. 

The data appear to be compatible with the hypothesis that two types of 
micelles exist. It appears that at potassium laurate-lauric acid ratios greater 
than 4.5/1, the micelles change in size and shape to a limited extent as the 
lauric acid concentration is increased, whereas at ratios less than 3/1, the 
changes are quite pronounced. The change in viscosity in the latter region 
indicates that the dissymmetry of the micelles increases progressively with 
increase in lauric acid concentration. This may be more readily interpreted 
as a transition from a spherical to a rodlike micellar model. 
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INTRODUCTION 


The adsorption method for determination of surface area and particle 
size of synthetic latices, as presented in preceding papers in this series 
(1, 2), involves titration of several concentrations of a latex with an emulsi- 
fier until the critical micelle concentration (emc) of the emulsifier in the 
latex is reached. Then the concentration C of added emulsifier required to 
attain the cmc is plotted vs. the polymer content of the latex at the cmc, 
m, in line with the equation 


C=S,m + C;, [1] 


where S, is the moles of added soap adsorbed per gram of polymer, and Cy; 


is the cme of the emulsifier in the latex. The slopes of the linear plots thus 
obtained yield S., while the y-intercepts C;. 

It is the intent of this paper to summarize the values of C; obtained in 
this manner with 19 emulsifiers at 50°C., and to compare them with cme 
values for some of the emulsifiers observed at the same temperature in 
aqueous solution. 


EXPERIMENTAL 


The manner of determining C; has been described before (1). The cmc’s 
of the emulsifiers in aqueous solution were obtained by conductance using 
a Leeds and Northrup Campbell-Shackelton conductivity bridge and the 
special cells employed for latex titration (1). To determine the cme a 
definite volume of water was placed in the cell, emulsifier solution added in 
aliquot volumes, and the conductance measured at 50°C. after each addi- 
tion. In this manner a curve such as Fig. 1 is obtained, from which the 
cmc follows as the concentration at the break in the curve. 
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Fig. 1. Determination of eme by conductance at 50°C. 


TABLE I 
Comparison of C; and cmc Values of Emulsifiers at 50°C. 
No. of de- Cy, cme, 
Substance terminations moles/liter moles/liter 
Na Laurate 12 0.0211 + 0.0007 0.0215 
Na Myristate 13 0.0066 + 0.0009 0.0075 
Na Palmitate 8 0.0021 + 0.0003 0.0021 
Na Stearate 5 0.0018 + 0.0002 0.0018 
K Stearate 5 0.0018 + 0.0003 — 
Na Oleate 28 0.0033 + 0.0006 0.0035 
Na OSR 14 0.0028 + 0.0006 0.0023 
K K-Wood Rosin 27 0.0118 + 0.0013 0.0122 
Na Resin 731 (Dresinate 731) 11 0.0121 + 0.0004 0.0122 
K Resin 731 (Dresinate 214) 7 0.0104 + 0.0011 — 
Na Pexite 42 (Dresinate 87) 2 0.0110 + 0.0006 _ 
K Pexite 42 (Dresinate 90) 4 0.0127 + 0.0005 — 
Na Resin 61 3 0.0089 + 0.0000 — 
K Resin 61 ] 0.0105 aa 
K Gum 42 (Dresinate 89) 3 0.0113 + 0.0004 — 
Laurylamine Hydrochloride 3 0.0146 + 0.0005 0.0130 
Daxad 11 4 0.80 + 0.12* 0.80* 
Aquarex D 2 2.9 =0.1* 3.0* 
SA-178 3 2.13 + 0.10 1.9 


* In grams per liter. 
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RESULTS AND DiIscussION 


In Table I are summarized the values of C; observed during many titra- 
tions with a number of emulsifiers, as well as the cmc’s for some of these 
measured in aqueous solution. Inspection of the data shows that in general 
the average of the C; values observed for a given emulsifier agrees quite well 
with the eme of the emulsifier as measured in water. However, with each 
emulsifier in latex there are observed deviations from the average which 
are sometimes quite pronounced, and which depend on the electrolyte con- 
tent of the latex, the extent of monomer removal, and the presence of other 
substances which may modify the cme without affecting S.. For this reason 
it is not advisable to assume a priori the cmc of an emulsifier in a latex, and 
thereby reduce the determination of S, in Eq. [1] to a single titration. Our 
experience indicates that the preferred procedure is still to make several 
titrations and to plot the observed C’s vs. m in order to obtain S, from 
the slope of the resulting straight lines. The method can be reduced to a 
single titration only when sufficient data have been accumulated for a 
given emulsifier in a given latex system to show what the value of C; is in 
the particular system. With C; thus defined, the simplified procedure de- 
scribed in the first paper of the series (1) is capable then of giving reliable 
results for surface area and particle size. 
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SUMMARY 


In the determination of surface area and particle size of synthetic latex 
by adsorption of emulsifiers, one of the quantities deduced is the cmc of the 
emulsifier in the latex Cy. This paper presents a summary of the values of 
C’; thus observed for 19 emulsifiers of various types, and compares some of 
these with the cmc values found for the emulsifiers in water. In general the 
averages of the Cy values are in good agreement with the cmc values found 
in aqueous solution. However, some latices may show considerable devia- 
tions of C; from the average, and hence it is not advisable to assume the 
cme of an emulsifier in water to be identical with C; of the emulsifier in 
a latex. 
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ABSTRACT 


This investigation was made with the purpose of studying the role that lattice 
hydroxyls play on phosphate fixation, and the effect of fluoride ions on the surface 
lattice hydroxyls of kaolinite. 

The results obtained by means of quantitative infrared spectroscopy show that 
phosphate ions do not replace surface lattice hydroxyls of kaolinite. Accordingly, 
titration of excess alkalinity produced when kaolinite is placed in contact with 
fluoride solutions and direct infrared spectroscopic analysis of hydroxyl content show 
that lattice hydroxyls are replaced by fluoride. In fact, in a case where the fluoride 
solution was 0.40 NV it was found that 22% of the lattice hydroxyls were replaced by 
fluoride ions. 

X-ray powder photographs of untreated and fluorinated kaolinite show that the 
“(q”’ spacings and the intensities have remained the same, indicating that the crystal 
structure of kaolinite has not been altered. 


INTRODUCTION 


The property of phosphate fixation by kaolinite has been investigated 
quite extensively. Thus Mattson (9) in his studies on the “laws of soil 
colloidal behavior’ states that the phosphate fixing capacity of kaolinite 
is due to replacement of lattice hydroxyls by phosphate ions. Stout (10) 
studied this problem further and arrived at similar conclusions. Such a 
view has been accepted by various investigators (2, 3, 4, etc.). 

The results of systematic studies made by the author on the chemistry 
of the kaolinite phosphate system made it difficult to accept such a view, 
which is untenable if one analyzes the structure of kaolinite and remembers 
that the ion size of the hydroxy] is quite different from that of the phosphate 


ion. 
Equilibrium experiments designed to measure release of hydrexyl ions 


1 Taken in part from the dissertation submitted by Luis A. Romo in partial ful- 
fillment of the requirements of the degree of Doctor of Philosophy to the Graduate 
Faculty of the University of Wisconsin, March, 1953. 

2 Present address: Division of Geochemistry, The Pennsylvania State University, 
State College, Pennsylvania. 
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in kaolinite suspensions treated with phosphate at various concentrations 
failed to show any evidence that supports the findings of Mattson (9) 
and Stout (10). Accordingly, investigations were made to show that the 
surface lattice hydroxyls of kaolinite are not replaced by POs, and that 
such hydroxyls can be replaced only by anions such as the fluoride, which 
has the following characteristics: (1) it is similar to hydroxyl in ion size, 
(2) it forms, presumably, stronger bonds with the octahedral aluminums 
in the structure because of its high electronegativity, and (3) it has a high 
hydrogen bonding capacity which holds the kaolin unit together. 


MATERIALS 
1. Preparation of Phosphated Kaolinite 


Samples of 0.200 g. of <2 yu fraction of kaolinite were poured into 
20-ml. test tubes. To each tube in sets of three there was added 15 ml. of 
KH,PO, solutions of 0.10, 0.25, 0.50, 0.75, and 1.00 molar strengths, re- 
spectively (suspension pH 4.3). The contents in each one of the tubes were 
shaken intermittently until a uniform suspension was obtained. Then they 
were digested on the hot plate at a temperature of 90°C. for a period of 10 
days. Following this, the liquid phase was separated by centrifuging. The 
colloidal silicates were then washed once with 0.002 N H2SOx,, three times 
with 90% ethyl alcohol, and once with acetone. Finally, they were dried at 
50°C. and collected in small vials which were placed into a vacuum desic- 
cator containing silica gel at a pressure of <50 u of He. 


2. Preparation of Fluorinated Kaolinite 


Samples of 1.00g. of kaolinite were saturated with NH? using 1 N NH.Cl 
as the saturating solution. The excess of salt was washed out once with wa- 
ter, and three times with 90% ethyl alcohol by centrifuging. The samples 
were then transferred to 400 ml. Erlenmeyer flasks in sets of two each 
with 0.10, 0.20, and 0.40 N NH4F solutions, respectively. The volumes were 
adjusted to 50 ml. with the corresponding standard ammonium fluoride 
solutions. They were left in contact with the fluoride at room temperature, 
for a period of 40 days with periodic shaking. After discarding the liquid 
phase, the remaining colloidal silicates were washed once with 0.002 N 
H,SO,, three times with 90 % ethyl alcohol, and once with acetone. Finally 
the samples were dried at 50°C. and transferred to small vials which were 
placed in the same vacuum desiccator at a pressure of <50 u of Hg. 


Merryops AND RESULTS 


1. Measurement of Alkalinity Produced in Suspensions by Fluoride Treatment 


As soon as kaolinite was placed in contact with the fluoride solutions 
as indicated above, it was observed that the suspensions became alkaline. 
Similar observations have been reported by Dickman and Bray (5). As in- 


LATTICE HYDROXYLS OF KAOLINITE 387 


TABLE I 
The Exchange of Lattice Hydroxyls in Kaolinite by Fluoride Tons 
' HC! needed for Percentage of 
Normality of tralizati 
HGF used ae Lone achat 
0.10 1.45 9.35 
0.20 2.46 11.83 
0.40 3.56 22.91 


“ Percentages of lattice hydroxyls displaced by fluoride ions are based on the 
total hydroxyl content of 26.4%. 


dicator, 10 drops of bromthymol blue were added to each flask. The color 
of the suspensions corresponded to a pH of 7.0. The alkalinity was meas- 
ured every three or four days by titrating the contents in each one of the 
flasks back to neutrality with standarized 0.1 N HCl for a period of 40 
days. After that time, alkalinity continued to appear but at a very re- 
duced rate. The experimental results are presented in Table I. 


2. Measurement of Variations in Hydroxyl Content of Kaolinite Treated with 
Phosphate by Integration of Areas of Infrared Absorption Bands 


The phosphated kaolinite samples were left in the desiccator for three 
days, then the desiccator interior was brought to atmospheric pressure, 
and samples of kaolinite of 0.005 g. were taken from the vials with a stain- 
less steel spatula and mixed immediately with a mulling agent, nujol oil, 
which gives only three absorption bands which do not interfere with those 
of kaolinite. Following this, each one of the samples was transferred to a 
sodium chloride plate (20 mm. * 12 mm. X 3 mm.) which was covered 
with another plate of the same size. The covering plate was worked around 
to obtain a uniform spreading and the formation of a very thin film. The 
plates were then mounted on a metallic holder which was set in place in the 
Baird Associates’ recording infrared spectrophotometer. The spectra were 
recorded from 2 to 16 u with the same instrumental adjustments. Every one 
of the spectrograms showed the presence of a sharp absorption band at 2.72 
u corresponding to unbonded hydroxyls. There were also recorded absorp- 
tion bands at 9.2, 9.6, 9.9, 10.6 to 11.8, 12.6, 13.3, and 14.5 y, respectively. 
These absorption bands are characteristic of kaolinite (1, 6, 8). 

A relative estimation of hydroxyl content was obtained as a ratio of the 
areas of the hydroxyl band occurring at 2.72 u and the absorption band 
characteristic of kaolinite which occurs at 10.6 to 11.3 ». Previously, it 
was found that the area of this band remains constant regardless of treat- 
ment. The areas were integrated graphically. The average ratio of areas 
obtained was 0.162 + 0.005, where the average deviation of 0.005 was also 
the deviation found within the triplicate runs of the same sample. There- 
fore, it was concluded that the hydroxyl content had remained unaltered 


regardless of phosphate treatment. 


388 LUIS A. ROMO 


3. Direct Measurement of Hydroxyl Content of Kaolinite Treated with 
Phosphate and Fluoride 


The hydroxyl content of kaolinite treated with phosphate and fluoride as 
indicated above was determined by means of infrared spectroscopy using a 
direct method of analysis. To accomplish this, pressed potassium bromide 
discs were prepared by mixing weighed amounts of kaolinite with constant 
amounts of potassium bromide. Ordinarily, potassium bromide contains 
occluded water and some impurities which are detectable in the infrared 
spectrum. Therefore, Samples of potassium bromide were fused in porcelain 
crucibles in a furnace at 800°C. for two hours. After cooling, the crystalline 
cake was ground in an agate mortar. Then the powder was transferred to 
small vials and dried for two hours in a vacuum oven at 160°C. and a 
pressure of <50 mm. of Hg. The vials were kept in a vacuum desiccator 
at a pressure of <50 u» of Hg. The infrared spectrum of the baked KBr 
showed a small absorption band at 2.93 u (Fig. 14). 

To prepare the discs it was found that a concentration of 3 mg. of kao- 
linite is adequate, thus samples approximating such weight were weighed 
out and poured into small vials which were placed immediately in the 
desiccator. The potassium bromide powder was added with a powder pipet; 
a glass pellet containing iron powder inside was included in the vial, and 
each one of the samples was ground and mixed in an electric vibrator for 
one hour. Then, each sample was transferred to a hardened steel mold and 
pressed immediately in a hydraulic press at 45 tons per square inch for ten 
minutes. Just before pressing, the mold was evacuated for two minutes in 
order to remove trapped air. The pressed potassium bromide discs had the 
following characteristics: diameter 18.75 mm., thickness 1.055 + 0.045 mm., 
total weight 0.8055 + 0.0200 g., and a content of kaolinite of 0.0030 + 
0.0003. 

To record the infrared spectra each one of the discs was mounted im- 
mediately on a metallic holder which was set in place in the spectrophotom- 
eter. The apparatus was set to scan slow and the zero line and percentage 
of maximum transmittancy were adjusted with the blank (potassium 
bromide dise containing untreated kaolinite). The infrared spectra for all 
the samples were recorded in duplicate using the same adjustments. 

The absorbance of kaolinite in the hydroxyl region was calculated using 
the base line method. According to Beer’s law, we have that A = log(p/p), 
where A is the absorbance, p) is the incident radiant power, and p is the 
transmitted radiant power. But since the discs contain a mixture of po- 
tassium bromide and kaolinite which have different absorbances in the 
hydroxyl stretching region, we have that Atrue = Asample — Axnr-. 

In the spectra shown in Fig. 1 it was found that the hydroxyl region is 
characterized by two overlapped bands at \; = 2.72 uw and dy = 2.93 ie 


with \, corresponding to unbonded hydroxyls characteristic of kaolinite 
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Fra. 1. The infrared spectra of kaolinite in the hydroxyl region showing variations 
in hydroxyl content after phosphate and fluoride treatment. A, KBr; B, KBr + 
untreated kaolinite; C, D, and EH same as B but kaolinite treated with KH»PO, solu- 
tions as follows: 0.50 M, 0.75 M, and 1.00 M, respectively; similarly, F, G, and H were 
treated with 0.10 NV, 0.20 N, and 0.40 N NH,F solutions, respectively. 


TABLE II 
The Absorbances of Hydroxyl in Kaolinite as Affected by Treatment 
with Phosphate and Fluoride 


Absorbance at Unbonded OH-, Absorbance 

Treatment of kaolinite A% % » at doe 
Blank 0-721 100 0.192 
0.50 M KH2PO, 0.758 105 0.206 
0.75 0.750 104 0.235 
1.00 0.720 100 0.185 
0.10 N NH.F 0.642 88 0.185 
0.20 0.589 82 0.129 
0.40 0.565 78 0.274 


« The absorbance of KBr at A; is zero; therefore, the absorbances calculated at 
1 needed no correction. 

» Since Atrnue iS proportional to concentration and assuming that scattering is 
the same regardless of treatment, the percentages of hydroxyl content with respect 
to the hydroxyl content of the blank were calculated as shown above. 

e Absorbance of KBr at A» is 0.08; thus the absorbances reported at d» are the 
values resulting from subtracting 0.08. 


and 2 corresponding to bonded hydroxyls which are characteristic of 
water. Therefore, absorbances were calculated at \; and A», respectively. 

The results presented in Table II indicate that the surface lattice hy- 
droxyls are not exchanged by phosphate ions. It is important to point out 
that such conclusion was obtained by indirect and direct infrared spectro- 
scopic analysis. 

The absorbances calculated at 42 vary somewhat. Such variations are 
due to the error in weight of KBr in the discs, which is of the order of 
+20 %. However, such an error in other respects is not important, 7.e., in 
scattering, for the refractive index of KBr is 1.559 and the average refrac- 
tive index of kaolinite is 1.558 (7). 
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4. X-ray Diffraction Patterns of Pure and Fluorinated Kaolinite 


Powder patterns of both pure and fluorinated kaolinite were taken with 
an X-ray Straumanis camera of 18 cm. in diameter under very similar con- 
ditions of specimen preparation, time of exposure, and photographic proc- 
essing. The powder patterns shown in Fig. 2 indicate that the crystal 
lattice has remained the same regardless of fluorination. Slight differences 
in line intensities are due most probably to variations in the orientation of 
the particles in the rods. 


Discussion 


The results obtained in this investigation show that the surface lattice 
hydroxyls are not replaced by phosphate ions as has been maintained by 
various investigators. The data presented in Tables I and II show that 
the hydroxy] content of kaolinite remains constant regardless of phosphate 
treatment. 

If anionic replacement is to take place at the surface atomic planes of a 
crystal structure without its disruption, at least three requirements must 
be fulfilled: (1) the size of the substituting anion must be similar to that of 
the anion to be replaced or it must have the ability to deform itself consider- 
ably as to satisfy the spatial requirement, (2) the bond formed by the 
substituting anion must be stronger, and (3) electrical neutrality must be 
maintained. Clearly, the phosphate ion (most probably HPO; and/or 
HPO;—) does not meet with the requirements indicated, thus making 
impossible the exchange of lattice hydroxyl by phosphate ions. 

The relative estimation of the hydroxyl content by means of ratios of 
integrated areas of the (OH):(10.6-11.3) » absorption bands show that 
the hydroxyl content remains constant regardless of phosphate treatment. 
However, this information was not taken as conclusive because of the un- 
certainty involved in determining the constancy of the area of absorption 
band occurring at 10.6 to 11.3 » as affected by phosphate treatment. Ac- 
cordingly, this problem was investigated further by means of pressed po- 
tassium bromide discs which permitted a direct measurement of hydroxyl 
content. In this case, the error due to scattering is practically eliminated 
both because of the negligible difference in refractive indices. between 
kaolinite and KBr, and the particle size which was <<2 y. The information 
obtained by this method confirmed the fact that phosphate ions do not 
replace lattice hydroxyls in kaolinite (Fig. 1C, D, E). 

Replacement of lattice hydroxyls by fluoride ions was shown to take 
place by means of titration of the excess alkalinity. But since it was sus- 
pected that the increase in alkalinity of the suspensions might be due 
to hydrolysis reactions which might have resulted in complex ion formation, 
it was decided to check these results (Table I) by means of direct infra- 
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red spectroscopic analysis. The results presented in Table II and Fig. 
LF, G, H indicate that the fluoride does replace the surface lattice hydroxyls. 

The close agreement obtained between the results arrived at by titration 
and infrared spectroscopic analysis indicates that the alkalinity measured 
by titration is due to actual displacement of hydroxyls from the lattice by 
fluoride ions. 

Finally, if fluorides have taken the positions of the surface hydroxyls 
in the lattice, one must expect constancy in the interplanar spacings. 
Furthermore, since the number of electrons in the hydroxyl and fluoride 
are the same, the intensities of the diffraction lines of both pure and fluori- 
nated kaolinite must be the same. In fact, in a sample of kaolinite where 
22% of the lattice hydroxyls had been replaced by fluorides (Fig. 1/7) it 
was found that the d spacings and the intensities of the diffraction lines 
remained the same (Fig. 2), thus adding further evidence to the fact that 
fluoride displaces hydroxyls from the surface lattice layers of kaolinite. 
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ABSTRACT 


A comparison of the theory of the diffraction rings observed in a cloud by trans- 
mitted light is made with the Mie theory. The values of the radii determined experi- 
mentally on the bases of the two theories are compared with those obtained from the 
dynamic method using Stokes’ and Cunningham’s equations. It was found that the 
diffraction theory gives larger values of the radii for drops below 3 », whereas the 
Mie theory gives values of radii which agree with those obtained from Cunning- 
ham’s equation for drops of radii varying from 1 to 5un. 


INTRODUCTION 


The determination of the size of water drops in a cloud is an important 
problem in meteorology. Of the many methods available for this purpose, 
the corona method based on the diffraction of light and the dynamic 
method based on the Stokes-Cunningham (1) equation are the best, as they 
involve rapid and simple measurements. The radii of water drops in a 
given cloud, determined by use of both the above methods, do not agree 
over the whole range of drop sizes. The corona method gives uniformly 
higher values of the radii than those obtained from the Stokes-Cunningham 
equation, especially for drops of radii >3 ». The Mie theory (2), however, 
explains satisfactorily all optical phenomena like transmission, scattering, 
polarization, and dispersion of light passing through a cloud of spherical 
particles, and hence it can be used to estimate the drop sizes in a cloud and 
correlate other optical and dynamic methods. 


The Diffraction Theory of the Corona 


If one looks at a bright source of light through a cloud of particles, a 
series of concentric spectrum colored rings are seen around the source. In 
monochromatic light, the coronas consist of alternate bright and dark 
rings around the source. According to the diffraction theory (vide 
Humphrey (3)), the water drops serve as spherical obstacles in the path of 
light and give minima of intensity at such angles in the forward direction 
that 

asin 6, = r(n + 0.22) 
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where a is a parameter of the size of the drops and is equal to 2rr/n, r is 
the radius of the drops, \ is the wavelength of light, and 6, is the angle 
subtended by a dark diffraction ring of order n. According to Wilson (4) 
this theory holds good for a > 30i.e., 8 < 10°. 

Distinct diffraction rings could be observed in a cloud of water drops 
having radii >1 ». A number of workers, for example, Wilson (4), Kamtz 
(5), Mitra (6) and Ray (7), have, however, pointed out that the diffraction 
theory of the corona gives larger values of the radii than those determined 
by the dynamic method for drops smaller than 3 y. Still however, the well- 
defined circular coronas observed in all artificial clouds in the laboratory 
indicate that the angular apertures of the diffraction dark rings even for 
drops smaller than 3 p» should give a reliable measure of their radii. As has 
been shown later, the Mie theory seems to provide a correct estimate of the 
size of the drops from the diffraction rings for the whole range of sizes of 
water drops in a cloud or a fog. 


The Dynamic Method 


By measuring the steady rate of fall of spherical particles, a measure of 

the radius can be obtained from the following Stokes-Cunningham equation: 

| 
X = 6rnrv (1 + = 

where X is the force maintaining the velocity and is the effective weight of 
the drop, 7 is the coefficient of viscosity of the medium, r is the radius of 
the drop, v is the uniform velocity of fall that the particle attains, A is a 
constant, and / is the mean free path of the molecules of the medium. 
According to Cunningham (1), the value of A is 1.63 and 1, the mean free 
path of air molecule, is 0.9 X 10-*. This formula has been used in the present 
investigation to estimate independently the size of the water drops in a 
cloud. The constant Al for the experimental range of sizes of the water 
drops was evaluated by a series of separate experiments and was found to 
be nearly the same as that given by Cunningham (1). 

Mire theory and corona. The general theory of the scattering of light by 
spherical particles of any size and any refractive index was worked out by 
Mie (2), and this has been successfully applied by Blumer (8), Jébst (9), 
Mecke (10), Paranjpe, Naik, and Vaidya (11), La Mer and Sinclair (12), 
La Mer and Barnes (13), Johnson and La Mer (13a), and Van de Hulst 
(14) in explaining the selective scattering of light in different directions by 
spherical particles. The transmission of light by a cloud of particles was 
also explained on the basis of the Mie theory by Stratton and Houghton 
(15), Sinclair (16), Ruedy (17), and La Mer, Inn, and Wilson (18). The 
colors of the corona have also been explained by Ruedy (17) and Naik (19) 
on the basis of this theory. It is, therefore, possible to explain the diffraction 
ring formation with the help of the Mie theory. The only handicap in the 
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TABLE [I 
Angles of First Minima of Intensity of Light Scattered or Diffracted by 
Water Drops 


(Refractive index = 1.33) 
SS 


ars Qar 6, Angles of first minima *Source.of Mie 
x Mie theory Diffraction theory Meri Nales 
3 80° — a 
3.6 70° — a 
3.83 — 90° — 
4 60° Uae GY a 
4.8 50° 53° a 
5 50°? 50° e€ 
6 40°? 39° 42’ e 
a 30° SoCs c 
8 50°? OS? yl! é 
9 20m 2 mm c 
10 152 OY? Bie}! a. 
12 122508 1 Soemo we d 
15 30°? 14° 48’ é 
20 9° WIS eY a 
25 10°? 8° 49’ a 
30 ley a Pale d 
35 Te Gali a 
40 5° x? BRY a 


* a. Gumprecht, Neng-Lun Sung, Jin H. Chin, and Sliepcevich (20). 6. Lowan’s 
tables (21). c. Paranjpe, Naik, and Vaidya (11). d. Paranjpe and Lajme (22). e. 
Values which are according to (a) but which are anomalous or represent second- 
order minima. 


application of this theory to this problem is the lack of sufficient evalu- 
ated data of the scattering functions, especially by particles of radii larger 
than the wavelength of light, and at small intervals of angles of scattering. 
More data of the scattering functions for larger water drops are now avail- 
able from several sources and can be used toexplain the coronas. The diffrac- 
tion dark rings in monochromatic light represent the minima of the in- 
tensity of scattered light in the forward direction. It is, therefore, necessary 
to obtain the angles of minimum intensity of scattered light by different 
sizes of the drops. An attempt was made by Paranjpe and Lajme (22) in 
this direction for a few values of a only. The angles of first minima of 
scattered light for different values of the parameter a for water drops are 
given in Table I along with the corresponding values of angles calculated 
from the diffraction formula stated above. The sources of the intensity 
values of scattered light are indicated in the last column of this table. The 
angles of the first minima are expressed as “180 — vy,” where y is the angle 
of scattering, the direction of incidence being considered as 0°. 
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The above results are represented graphically in Fig. 1 given below. 
The Mie theory curve in this figure helps us to estimate a and hence the 
radius of the water drops by observing the angular aperture of the first 
dark corona. The values of @ for a = 8 and 25 do not fit in the curve and 
probably represent higher order minima. For a = 15, the minima should 
lie near about 10°, but the calculations, which are available for only integral 
values of angles, do not show any such minima. For a = 5, 6, and 25, it is 
likely that correct angles of first minima are less than the actual angles 
indicated in the tables. It would be worth while evaluating the intensity 


Fie. 1. Angles of first minima of scattered light by water drops: I. Mie theory 
curve; II. diffraction theory curve. 


functions near about these angles for different a’s, to test the validity of 
the Mie theory over the whole range of drop sizes. 

It must be noted that the values of the intensity functions are available 
at intervals of 1° for the range from 0° to 10°, whereas for angles >10°, 
they are available at large intervals of angle only. It is, therefore, likely 
that the actual values of the angles of the minima, especially for smaller a 
values, may be slightly different from those obtained from the available 
data. Still, however, the smooth curve of Fig. 1 shows that the deviations 
from these values of @ cannot be very large. In fact the Mie theory curve in 
the figure indicates that the two optical theories give nearly identical 
values of the angles of the first minima for a > 30, but the values differ 
for a < 30. Thus for values smaller than 3 u, the radii of drops according 
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to the Mie theory are uniformly smaller than the diffraction theory. The 
diffraction theory curve terminates at a = 3.83 as 6, the angle of first 
minima, attains the value 90°, while the Mie theory curve shows that @ in- 
creases to 180° as a decreases to zero. This difference incidentally agrees 
with the conclusions of Wilson (4), Kamtz (5), and others that the diffrac- 
tion theory gives uniformly higher values of radii for drops smaller than 3 x. 

It is reasonable to accept the as Mie theory correct for all values of radii 
as well as refractive index of the material of the drops. The Mie theory 
curve given above can serve as a standard guide to estimate the size of 
water drops in a cloud from a knowledge of the angle of the first dark ring 
seen in a water cloud, or from a knowledge of the angle of the first minimum 
of intensity of scattered light in the forward direction. 

It is, however, desirable to compare the values of the radii of given 
drops in a cloud determined by these optical methods with those obtained 
by a dynamic method based on the Stokes-Cunningham equation. 


EXPERIMENTAL 


The following arrangement was made to observe the diffraction rings in 
a cloud and to determine the velocity of fall of the cloud drops. A large 
cloud chamber of pyrex glass of 20 1. capacity was set up to produce an 
artificial water cloud on dust or smoke nuclei. The details and working of 
this type of apparatus were given in earlier papers by Paranjpe, Naik, and 
Mirchandani (23) and Paranjpe, Naik, and Vaidya (11). After a cloud was 
formed by sudden expansion, the angular aperture of the first diffraction 
dark ring was instantly determined. The rate of settling of the cloud was 
next determined by observing the well-defined top of the cloud. Attempts 
were made to measure the velocity of individual drops by means of a 
microscope, but it was found too large to be measured accurately over a 
small distance of the eye-piece scale. It was also observed that the rate of 
fall of the cloud in the initial stages of the cloud formation was disturbed 
by the turbulence set up by sudden expansion. This appeared to subside 
within a short time and invariably before the cloud top reached the middle 
of the flask. The rate of settling of the cloud was, therefore, determined 
only after the cloud top reached the middle of the flask. The velocities 
measured after this limit were found to be very nearly constant for a given 
size of drops. It may be noted that the top of the cloud remained horizontal 
till it reached very nearly the bottom of the flask, and at the same time the 
size of the dark diffraction ring remained the same. 

Before using Cunningham’s equation, it was thought necessary to deter- 
mine the constant Al independently for the present range of drop sizes. 
This is possible by comparing the values of radii determined by this method 
with those of the corona method, especially for radii >3 u, for which the 
diffraction theory and the Mie theory give nearly identical values of radii. 
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TABLE II 
Size of Water Drops Determined by Different Methods 
(Refractive index = 1.33) 


Angular aperture Radius of drops, » 
of the first dark Velocity of fall, : ; 
"O e ie a tect Mie theory Stokes’ equation igor = 

4° 6’ 0.31 5.0 5.0 5.0 5.0 
4° 40’ 0.25 4.4 4.5 4.6 4.5 
ae 0.21 4.1 4.1 4.1 4.0 
(Bay 0.15 3.4 3.4 3.6 3.5 
Ut? axa 0.09 2.7 2.63 2.8 2.7 
8° 30’ 0.06 2.4 2.3 2.4 2.3 
9° 20’ 0.04 2.2 ES 1.9 1.8 
IG? 7 0.03 2.0 1.62 Ue7/ 1.6 
iA Oy 0.02 beh 4 1.4 1.2 
14° “*9% 0.01 125 1.04 2 1.08 


From a large set of measurements on water clouds having drop sizes 
ranging from 3 to 7 u, the constant Al was found to be 1.54 X 1075 instead 
of 1.467 X 10-5 as given by Cunningham (1). 

Four independent values of the radii of drops of a given cloud were 
obtained by using (1) the diffraction theory, (2) the Mie theory, (3) Stokes’ 
uncorrected equation, and (4) Cunningham’s equation. The results ob- 
tained for a typical set of clouds having radii of drops varying from 1 to 5 yp 
are given in Table II. The values of the angular aperture @ of the first dark 
diffraction ring and the velocity of fall of the cloud drops are given in the 
first two columns of this table. 

It can be seen that all the methods give nearly equal values of the radii 
for drops >3 yu. Below this size, the values of the radii according to the un- 
corrected Stokes’ law are intermediate between the diffraction and Mie 
theory values. The values obtained from Cunningham’s equation agree 
fairly well with Mie theory values for the whole range of radii from 1 to 5 pu. 

The diffraction theory is not suitable for drops smaller than 3 yn, and 
hence the Mie theory can be used to get a reliable estimate of the radii of 
drops below this size in view of the close agreement of the Mie theory 
results with those of the dynamic theory of Cunningham. 


CONCLUSIONS 


It is seen from the above results that the diffraction theory of the corona 
holds good only for radii of drops in a cloud >3 pu and gives uniformly 
higher values below this size. The Mie theory not only explains the forma- 
tion of the corona but holds good for any size of drops. The results obtained 
from the Mie theory for water drops agree very closely with those obtained 
from the Stokes-Cunningham equation. It is, therefore, possible to use the 
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Mie theory curve given above to get a correct estimate of the size of water 
drops of any size either by observing the corona or by estimating the 
angle of the first minimum intensity of scattered monochromatic light. 

As the corona method is very rapid and simple in operation, the Mie 
theory curve given here will serve as a useful aid in a rapid estimation of 
the size of water drops in a cloud. 

My thanks are due to Shri N. H. Sahijwany for valuable help in the 
experimental work. 
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ABSTRACT—SUMMARY 


1. The zeta-potential of walls with which colloidal suspensions may be in contact, 
may be of great importance in the study of phenomena pertaining to these suspen- 
sions, and therefore it is desirable to be able to measure the electrokinetics at such 
walls. The method discussed in this paper involves the deduction of the magnitude of 
the electroosmotic currents in a closed cell, whose walls are made of the material in 
question, 7.e., glass, from the hydrodynamics occurring in the cell when an electric 
potential is applied. 

2. Data illustrating changes in the hydrodynamics of a glass rectangular cell 
with pH are presented. It is seen that the relationship between cell height and particle 
velocity, which is a curve markedly parabolic in shape when the medium is alkaline 
or even neutral, approaches a straight line when the charge on the glass surface de- 
creases and the electroosmotic currents become minimized. 

3. Actual electric charge data (electroosmotic flow and zeta-potential) are given 
for the plane glass surface in contact with the electrolyte solution. The charge is nega- 
tive in alkaline (Na2COs) solutions. It decreases with decreasing alkalinity, becoming 
positive in acid (H2SO,) medium. 


INTRODUCTION 


Although one recognizes that electrokinetic phenomena play a very 
important part in coagulation and adsorption, the reaction occurring be- 
tween given dispersions and the surfaces of substrates with which they 
are in contact is often overlooked, and even not understood. Usually, 
attention is focused only on the particles of the suspension to the neglect 
of the substrate, so that considerations pertaining to the system are not 
complete. 

In order to interpret many phenomena correctly, it is necessary to have 
a knowledge of the zeta-potential of the walls in contact with the suspen- 
sions, and, therefore, the technique for estimating the charge on a plane 
glass surface is here considered. It is readily seen that the adherence of 


’ The data cited in this paper are from Bender, ‘“‘Brownian Movement—Electrical 
Charge—Flocculation,” Ph.D. Dissertation, New York University (1949). See also 
Bender and Mouquin, J. Phys. Chem. 56, 272 (1952). 


? Present address: American Cyanamid Company, Bound Brook, New Jersey. 
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particles to a surface, 7.¢., “slime coating” in mineralogical work or particle 
adhesion studies as carried out by A. von Buzdgh (4), definitely depends 
on the electrokinetic nature of the substrate as well as on the nature of the 
particles of the suspension. 

An important illustration of the effect of nearby walls on the properties 
of suspended particles is in Brownian movement studies, where often 
reported changes in pedesis, especially the actual cessation of activity, have 
really been due more to ‘‘wall effects’ than (as claimed) to subsidence of 
kinetic energy forces in the suspension itself. This has recently been demon- 
strated by Bender and Mouquin (3), where for a given case of 
actual Brownian movement stoppage due to electrolyte addition it was 
found that the charge of the glass cell wall had reversed itself and become 
positive while the particles remained negative so that electrostatic forces 
became operative to cause particle adhesion and prevent visual display 
of Brownian movement. Tables II and III (and Figs. 7 and 8) are taken 
from this work to show the electrokinetic changes. It is of interest that these 
and other results indicate that the differences in Brownian intensity ob- 
served by Henri (6) upon the addition of alkali or acid, could have been 
due to an appreciable extent to “wall effects.” 


EXPERIMENTAL PRINCIPLES AND TECHNIQUE 


A glass cataphoresis cell is used, but the electroosmotic currents are 
measured as well as the cataphoretic velocity of the particles in suspension, 
and from this the electric charge of the plane glass‘ surface may be ob- 
tained. This technique has specifically been used by Tuorila (13) who 
followed the changes in zeta-potential of the glass surfaces in a rectangular 
cell, which were respectively in contact with varying concentrations of the 
electrolytes LiCl, NaCl, KCl, CsCl, HCl, HNO;, KNO;, and AgNOs. 
The zeta-potential decreased in negativity with increasing amounts of 
these electrolytes but never became positive except in the case of the acids, 
when it became weakly so. 

The electroosmosis is evaluated indirectly, it being necessary to interpret 
it from the velocities of suspended particles at different levels in the cell. 
Upon algebraic addition of the “true cataphoretic velocity” with the 
particle velocity at the cell surface, the liquid velocity at the surface is 


obtained. 
“True cataphoretic velocity” occurs at two levels in the cell as dictated 


3 Usually the observation cells were shallow, having a height of 35u and less, having 
been being prepared by placing a cover-glass on a drop of suspension on a microscope 
slide. ; 

4 Conceivably, electrokinetic properties of surfaces other than glass could be 
estimated equally as well in a cell made of that material, provided the optics are satis- 
factory for employment of a microscope to observe the particles. 
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Fig. 1. Liquid currents due to electroendosmosis in a cataphoresis cell. 


by the hydrodynamics of the system which is represented diagrammatically 
in Fig. 1. When a potential of the indicated sign is applied, the liquid cir- 
culates in the cell in the direction designated by the arrows if the surfaces 
CC’ and FF’ are negatively charged. Meanwhile the particles in suspension 
and under the influence of the applied e.m.f. will be affected by this flow 
throughout the cell except at the levels 4A’ and BB’, which are passive 
regions because they are between the layers of liquid coming and going. 
It is at AA’ and BB’ that the particles exhibit ‘true cataphoretic ve- 
locity.”> The mathematical theory and the method of arriving at the 
position of the true cataphoretic layers are described for cylindrical as 
well as rectangular cells by Mooney (11), Mattson (8, 9), and Abramson 
(1), who follow the principles of von Smoluchowski. 

Electroosmotic velocities thus calculated may be used as is (in u/sec./ 
volt/cm.) to give an indication of the state of the surface, or they may be 
converted to zeta-potentials by the Helmholtz-Smoluchowski equation,— 
see Henry (7) and Sumner and Henry (12): 


_ 41m (E.0.V.) 


G 


Cp.0. [1] 


which has been pointed out by Smoluchowski to be similar to the equation 
linking the zeta-potential with the cataphoretic velocity, 7.e.: 


=} 4an(C.V.) 


€ 


Sc [2] 


In these equations {%.9. and {& are the zeta-potentials derived from electro- 
osmotic and cataphoretic data, respectively, E.O.V. and C.V. are the 


* However, the measurements must be made sufficiently well removed from the 
sides and ends of the cell, owing to the complicating effects of the electroosmotic 
currents in these localities. For instance, see Viscontini, ‘(Remarks on Smoluchow- 


ski’s Equation for the Velocity of Electroosmosis in a Rectangular Cell,’? J. Chim. 
Phys. 41, 225 (1944). 
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electroosmotic and cataphoretic velocities per unit potential gradient, 7 is 
the viscosity, and ¢ the dielectric constant of the liquid medium. 

It is seen from Eqs. [1] and [2] that the ratio of E.0.V. to C.V. in a cata- 
phoresis cell, where the surface properties of the walls and the suspended 
particles are the same, should be unity. Mooney (11), who worked with a 
suspension of oil drops in an oil-coated cylindrical cell, seems to have been 
the first to check this ratio. However, van der Grinten (5) did not obtain 
this result for glass particles in a glass cell. Actually, there has been an 
appreciable amount of work by various authors in the evaluation of this 
ratio for glass and also for coated (protein) surfaces, and in measurements 
of the electric potential of. the macroscopic cell surfaces; resumés and 
references to this work are given by Abramson (1) and Abramson, Moyer, 
and Gorin (2). Most of the work, especially the coated surface investiga- 
tions, showed the velocity of electroosmotic flow to be the same as the 
cataphoretic velocity of the particles. An actual comparison where there 
was agreement between the electroosmosis in a cataphoresis cell and that in 
a Quincke capillary has been obtained by Monaghan and White (10). 

A rectangular modified Northrup-Kunitz cell was used for the present 
measurements. This affords a plane glass surface over which variations in 
the electric charge can be studied when the electrolyte solutions in contact 
with it are changed. Suspensions used for following the electroosmotic 
flow (besides introducing the electrolyte) were prepared from ground 
sphalerite mineral and contained 0.0125% by weight of this material. 
Dark field microscopy was employed, since the average diameter of the 
particles was well under 1 ». Measurements were made at room tempera- 
ture; however, the values obtained were adjusted to 25°C. through multi- 
plication by the ratios of the viscosities of water at the corresponding 
temperatures. 


RESULTS AND DIscussION 


The data in Table I illustrate the hydrodynamics of the rectangular 
cataphoresis cell for different pH’s. Sodium carbonate was used for al- 
kalinity and sulfuric acid for acidity. Figures 2-6 are plots of these data. 
The parabolic shapes of the curves bear out the hydrodynamic theory of 
the cataphoresis cell. In an acid medium the particle velocity parabola 
becomes appreciably flattened out, indicating less electroosmotic flow, 
this being due to the great decrease in negativity of the glass. 

Table II gives the electroosmosis at the glass surfaces of the cell for the 
five electrolyte solutions in Table I and also for 0.002 M H,SOs. This flow 
is calculated from the particle velocity at the cell surface and the true 
cataphoretic velocity by algebraic addition. Corresponding values of 
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TABLE I 
Velocity of Particles in Cell at Different Levels and Different pH’s 
pH 
Height in cell (x) 
RGA} | 8202019 | can. 0) | 42 BRS AO | 2988810 

826 — +1.27 +1.44 — _ 
818 = +1.45 +1.22 +0.29 —0.83 
801 +0.46 == +1.15 —0.37 —0.93 
785 +0.55 = +0.83 +0.03 —0.91 
743 —1.00 —1.23 —0.30 —0.94 —1.00 
661 (true C.V.) —2.07 —2.04 —1.29 —1.90 —1.08 
537 —3.33 —3.08 —2.57 —2.83 —1.65 
413 —4.03 —3.44 —2.99 —3.14 —1.67 
289 —3.32 —3.61 —2.62 —3.03 —1.48 
165 (true C.V.) —2.15 —2.14 —1.73 —2.29 —1.17 
83 —1.15 —0.97 —0.77 —1.21 —0.90 
Al —0.51 —0.09 —0.32 —0.64 —0.81 
25 +0.33 +1.01 +0.39 —0.63 —0.74 

8 +0.83 +1.23 +0.91 +0.48 —0.73 

0 +0.84 +1.44 +0.96 +0.34 —0.65 


@ In p/sec./volt/em. The actual sign of charge of the particles is indicated in front 
of the true C.V. values. Signs opposite to this at other locations in the cell denote 
that the particles are travelling in opposite direction because of the electroosmotic 
currents. 


tz.o. were calculated by means of Eq. [1], (7.e., at 25°C. 4an/e equals 13.0), 
and are listed with the electroosmotic values. For comparison, the true 
cataphoretic velocity of sphalerite in each of these electrolyte media (and 
even in more acidic solution) is given. Figure 7 is a plot of the (velocity) 
data. Note how the glass surface readily becomes positively charged with 
increasing acid while the sphalerite particle charge does not even cross the 
isoelectric line. 

Table III and Fig. 8 illustrate how the conditions can be altered in a cell 
so that particles originally in suspension and repelled by the walls, become 
attracted to them and adhere, thereby ceasing their Brownian activity. 
The data show, in six progressive steps, the changes occurring in the elec- 
trokinetic properties of the glass cell surface and the sphalerite particles, 
when acid solution is added to replace the alkaline solution in which the 
particles were first suspended. Both the glass wall charge and particle 
charge decrease in negativity as the suspension becomes more acid. But 
the wall charge decreases so much faster that it becomes positive by the 
time there is 50% of acid (0.002 M) and 50% of alkali (0.001 M). Mean- 
while the particles remain negative even up to 100% acid solution, so that 
their tendency to adhere to the glass walls is understood. 
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Fig. 5. Particle velocity at different cell levels 0.00006 M H2SO,; pH = 4.3, 
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Fig. 6. Particle velocity at different cell levels 0.001 M H.SO,.; pH = 2.9. 


TABLE II 
Electroosmosis* and Zeta-Potential’ at Plane Glass Surface at Different pH’s 

Electrolyte and C.V.° avg. 
pH concentration E.0.V4 fE.0. of sphalerite 
10.1 0.001 M Na,CO3 —2.95 —38.3 —2.11 
8.9 0.0001 M Na,CO; —3.54 —46.0 —2.09 
6.6 Distilled water —2.71 —35.2 —1.51 
4.3 0.00006 M H.SO, —2.48 — 32.2 —2.10 
2.9 0.001 M H.SO, —0.38 — 4.9 —1.12 
2.6 0.002 M H.SO, +1.28 +16.6 —0.08 
Dee, 0.01 M H.SO, a — —0.44 
if! 0.1 M H.SO, — — (0) 


* In p/sec./volt/em. at 25°C.; + or — sign means that the glass is charged that 
way. 


> In millivolts. 
¢ In u/sec./volt/em. at 25°C. 
4 This value is probably approximate. 
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Fig. 7. Velocity of liquid at glass surface and C.V. (true) of particles vs. pH. 
TABLE III 


Changes in Electroosmosis and Zeta-Potential at Plane Glass Surface as 0.002 M H.SO, 
ts Added to 0.001 M NazCO3 


Molarity Molarity Molarity c C.V." avg. 

% H2SO4 HeSO4 Na2CO3 Na2SO. E.0.V.2 fR.0. of sphalerite 
1 0 0 0 0 —2.95 —38.3 Soll 
2 20.0 0 0.000400 0.000400 3} SL 7 —2.31 
3 33.3 0 0 0.000667 = hy —14.6 —1 50 
4 50.0 0.000500 0 0.000500 +0.83 +10.8 —0.76 
5 66.7 0.001000 0 0.000333 ple) Sees = 11-48 
6 100.0 0.002000 0 0 +1.28 +16.6 —0.08 


@ In p/sec./volt/em. 
> Positive or negative sign means that the glass is charged that way. 


¢ In millivolts. 
T ra a ol = lige a 
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Fra. 8. Liquid velocity at the surface and particle C.V. (true) for different mixtures 
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INTRODUCTION 


The conditions controlling the deposition and solution of the mineral 
matter of tooth and bone have been the subject of many studies carried 
out during the past half century. These studies have attempted to define 
the nature of the solid phases at equilibrium and the solubility product 
constants of the ions participating in their formation. As knowledge has 
accumulated it has become clear that a simple interpretation of calcification 
in terms of solubility is no longer tenable. Phenomena of delayed equi- 
librium—of supersaturation—are concerned as well as adsorption of various 
ions upon an underlying crystal lattice. 

A confusing feature has been the effect of bivalent metal ions other than 
calcium upon calcification. Experimentally rickets has been produced by 
the administration of strontium (1-3), beryllium (8, 4), manganese (5), 
and iron (6). Magnesium (7) in particular seems to exercise an unfavorable 
effect on calcification. Holt and Shipley (8) and Shelling, Kramer, and 
Orent (9) noted its untoward effect on calcification im vitro. Kajdi (10) 
and Stein (11) observed definite decalcifying effects in vivo and employed 
magnesium salts therapeutically in conditions of hyperostosis. The presence 
of an abnormally high proportion of magnesium in carious teeth observed 
by Howe (12) has occasioned speculation as to the role of this element in 
the pathological process. The decalcifying action of strontium was used 
therapeutically by Park and Nachlas (13) in an attempt to soften bones 
and correct rachitic deformities. A decalcifying action of strontium on 
teeth has been observed by Schmidt (13a). 

The mechanism by which these various metals exert their unfavorable 
effects on calcification has not up to the present time been studied. Several 


1 This work was commenced in collaboration with the late Dr. David H. Shelling, 
who participated in some of the preliminary orientation experiments. 
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possibilities exist. (1) It is possible that certain of these metals are capable 
of forming insoluble phosphates and carbonates which cause precipitation 
of these essential anions in the intestine resulting in failure of absorption — 
and loss to the body. In such a case the anion deficiency would probably be 

revealed by blood analysis. (2) Insoluble phosphates of the metals in ques-. 
tion could conceivably be carried through the blood in colloidal form; under 
such conditions blood analysis might reveal no deficit in inorganic phos- 
phate, although the material presented to the osteoblasts for calcification 
might be unsuitable for use—either because of the presence of the strange 
metal or because of the unavailability of the phosphate. (3) It is possible 
that the action of the metal is produced as the result of an antagonistic 
effect of its ions on the activity of the ions normally concerned in the forma- 
tion of bone salts. This could be due to the high valency of the cation or to 
some specific ion effect. (4) Lastly, the metal may exert some poisonous 
action on the enzyme systems of the osteoblasts themselves and thus 
interfere with the production of normal bone matrix for calcification. 

It is obvious that no intelligent discussion of these various possibilities 
can be attempted without a knowledge of the solubilities of the carbonates 
and, more particularly, of the phosphates of the metals concerned. Data 
on the carbonates are available, but modern data on the phosphates are 
almost completely lacking, an exception being the solubility of secondary 
magnesium phosphate, which was studied by Tabor and Hastings (14) 
and by Greenwald (15). It was with a view to supplying this deficiency 
that the present experiments were undertaken. We were primarily interested 
in determining the solubilities of the orthophosphates of magnesium and 
strontium. Barium, although of limited biological interest, was included in 
the study because of the possibility that its behavior might throw some 
light on the anomalous behavior of calcium in the system under study. 


EXPERIMENTAL Mrruops 


The system employed to study the solubilities of these salts was similar 
to that used by Holt, LaMer, and Chown (16) in their studies of the calcium 
phosphates. The titration curve of phosphoric acid with the hydroxide of 
the metal in question was first explored at 38°C. to determine the regions 
in which stable precipitates formed. Various points on the curve were then 
selected for further study, the appropriate quantities of acid and base 
being mixed together and shaken continuously at 38°C. for periods varying 
from 1 to 10 weeks, at the end of which time the precipitate was separated, 
the solution analyzed for pH, phosphorus, and the metal cation, and the pre- 
cipitate for the latter two components. From the ratio, metal/phosphorus 
in the solid phase, which was determined directly and also calculated from 
the difference of the analytical figures on the solution from the quantity 
originally introduced, the nature of the solid phase at equilibrium was 
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determined. Ion products were calculated for the ions forming the precipi- 
tate in question. 

pH determinations were made with a quinhydrone electrode. 

Phosphorus was determined by the method of Fiske and Subbarow a\var 

Strontium was determined as SrSO, by a method devised by one of us 
(C. N. K.) as follows: To an aliquot portion of the filtrate or of a solution 
of the precipitate in HCl were added 1 to 2 cc. 20% H»SO,. A volume of 
alcohol equal to the volume of the resulting solution was added, the mixture 
stirred and allowed to settle overnight. The strontium sulfate was filtered 
in a permanent porcelain filter crucible and washed with 50% alcohol con- 
taining a little acid and finally with unacidified 50% alcohol until free of 
acid. It was then dried in an oven, ignited in a muffle furnace for 20 to 30 
minutes, cooled and weighed. Weight of SrSO, X 0.477 = weight of stron- 
tium in the aliquot. This method was checked with known solutions of 
strontium salts. 

Magnesium was determined as Mg2P;0; as follows: To a 10-cc. aliquot of 
solution or of precipitate dissolved in HCl were added 2 cc. 27% NH.Cl 
and 2 cc. of a 10% solution of (NH4)zHPO,. The solution was stirred, al- 
though frequently no precipitate occurred at this point. One third of the 
volume of 10% NH,OH was then added, the solution stirred vigorously 
and allowed to cool. The resulting precipitate was allowed to settle over- 
night, filtered on an ash-free Whatman filter paper, and washed with 5% 
NH.OH several times. The filter paper and precipitate were dried, ashed, 
and finally ignited in a weighed porcelain crucible in an electric furnace 
with the door closed for about 6 hours. After cooling it was weighed. On 
igniting the MgNH,PO, is converted to the pyrophosphate, MgeP.0;. 
Weight of Mg2P.0; * 0.2184 = weight of Mg in aliquot. The magnesium 
and barium analytical procedures were checked against known solutions. 

Barium was determined as BaSO, as follows: An aliquot of solution or 
of precipitate dissolved in HCl was heated to boiling, and to the hot solu- 
tion was added an excess of 20% H.SOx,. The solution was digested on the 
steam bath at least 2 hours, filtered through a weighed porcelain permanent 
filter, and washed with hot water containing a little H,SO. and then with 
a little water to extract the acid. The filter was dried, placed in an electric 
furnace for 14 hour, cooled, and weighed. Weight of BaSO. X 0.5884 = Ba 
in sample. 

Preparation of Solutions. The solutions were prepared as follows: To 20 
cc. 0.1 M H3PO, the appropriate amount of base was added and the volume 
made up to 200 cc. with distilled water. In most instances the solutions 
were mixed in the cold and then put into a water bath where they were 
continuously shaken for periods of 10 to 43 days. In some instances the 
solutions were heated before being mixed—a maneuver which apparently 
did not affect the final result. 
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Standardization of Solutions Used in Titration Curves. 0.1 M H3PO,4 was 
standardized against 0.1 N NaOH solution. Saturated lime water was used 
for the Ca(OH), solution, which was standardized against 0.1 N HCl. 
Solutions of Sr(OH): and Ba(OH), were likewise prepared in concentrations 
of approximately 0.02 M, which were standardized against 0.1 NV HCl. 

In the case of magnesium it was found impractical to use Mg(OH), 
because of its limited solubility. Preparations were therefore made using 
weighed amounts of a partially hydrated magnesia containing by analysis 
77.7% MgO. This was added in powdered form to the H3PO, and water 
and shaken for 12 to 30 days. 

Calculation of H2PO., HPO,”, and PO,' Ion Concentrations. These 
were calculated from measurements of pH and total phosphate, using the 
formulas derived by Holt, LaMer, and Chown (16), the following values 
being taken for the dissociation constants of phosphoric acid: pK’ = 2.11 
— 0.5>/u; pK’s = 7.15 — 1.25 V/p, and pK’; = 12.66 — 2.25v/n. 


TirRATION CuRVES oF PHOSPHORIC ACID 


Since the titration curves of H3;PO, with these metal hydroxides present 
certain unusual features, and since certain deductions can be drawn from 
these alone, they will be discussed in detail. It will be recalled that the 
titration curve of H,PO, with a base forming no precipitate, such as NaOH, 
shows two breaks—one at pH 4.5 and another at pH 8.5. The first break 
corresponds to the neutralization of the first equivalent of acid when the 
solution, containing almost exclusively primary phosphate, is unbuffered. 
The second corresponds to the neutralization of the second equivalent of 
acid when the solution, containing then almost exclusively secondary — 
phosphate, is again unbuffered (see Fig. 1). The titration curve with a base 
forming an insoluble phosphate deviates from the above at the point where 
precipitate first makes its appearance, following thence a more or less 
horizontal course. This plateau indicates buffering of the solution due to 
the formation of precipitate; increments of alkali instead of raising the pH 
merely result in the formation of more solid phase. When no more precipi- 
tate can be formed, the addition of alkali again raises the pH and the curve 
turns upward to rejoin the NaOH curve. 

The area between such a curve and the titration curve when no precipi- 
tate forms (like the NaOH curve) measures the buffering due to the forma- 
tion of precipitate. The abscissa—e.g., the horizontal distance from the 
NaOH curve to the curve with the precipitate-forming base at any pH— 
measures the solubility of the precipitate at that pH; it measures the 
extent to which phosphate can be precipitated regardless of the nature of 
the solid phase. Some information can also be deduced from the level of the 
plateau as to the nature and solubility of the solid phase. It is obvious that 
a plateau appearing at a pH above 4.5 cannot be due to the precipitation of 
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Ca(OH) 


© Present authors (quinhydrone electrode) 


® Holt, LaMer and Chown 
(hydrogen electrode) 


ie) 


4 z 3 
Equivalents of H,P0,4 neutralized by base 


Fig. 1. Titration curve of phosphoric acid with calcium hydroxide. 


primary phosphate and likewise that one appearing at a pH above 8.5 
cannot be due to secondary phosphate. Between these pH levels, a plateau 
may be due either to secondary or tertiary phosphate, since both ions 
are increased by increases of pH in this range. If more than a single plateau 
appears, one can be reasonably sure of the presence of more than one solid 
phase. In comparing the plateaus of different curves, given the fact that the 
solid phase is similar, the lower plateau will obviously indicate the more 
insoluble salt. 


Tue Caucium CuRVE 


Since the earlier work of Holt, LaMer, and Chown (16) has been criticized 
(18) on the ground that the phenomenon of electrode poisoning which they 
encountered might have interfered with the accuracy of their pH deter- 
minations, it was decided to repeat the Ca(OH), titration curve at 38°C. 
using the quinhydrone electrode. As may be seen from Fig. 1, the curve 
closely approximates that of the original authors. 


Tue Maanesium CurvE AND THE SOLUBILITY OF THE MAGNESIUM 
PHOSPHATES 


The curve obtained with Mg(OH), is shown in Fig. 2. It will be noted 


that it begins to deviate from the NaOH curve after the first equivalent 
has been neutralized, this deviation being, however, very slight between 
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1.16 


437) 1.17 
hee ats eu) (OH) 


Ca (OH) 2 


1 2 5 
Equivalents of H,P0, neutralized by base 
Fig. 2. Titration curve of phosphoric acid with magnesium hydroxide. The num- 


bers attached to the points on the Mg(OH). curve refer to the Mg/P ratio of the 
precipitate. Theoretical ratio for MgHPO; is 0.77; that for Mg;(PO.)» is 1.17. 


1.0 and 1.5 equivalents. No visible precipitate made its appearance in this 
region, and we are inclined to attribute this slight deviation to the forma- 
tion of minute colloidal particles of invisible precipitate. A similar — 
phenomenon was noted in the case of Ca(OH): by Holt, LaMer, and Chown 
before the first precipitate made its appearance. After 1.5 equivalents have 
been neutralized, the curve deviates sharply from the NaOH curve, this 
being accompanied by the appearance of a precipitate. In the neighborhood 
of the second equivalent the curve takes a reverse turn, the pH actually 
becoming more acid despite the addition of more alkali. Beyond 2.25 
equivalents a definite plateau at pH 7.0 becomes established. 

The downward deviation of the curve between 1.7 and 2.0 equivalents 
perplexed us considerably. Our first thought was that some unstable phase 
might be developing in the region of 2.0 equivalents, and we attempted by 
a more prolonged experiment to eliminate this negative hump. A time ex- 
periment in which solutions with 2.0 equivalents neutralized were equil- 
ibrated as long as 10 weeks (see Table I) indicated that, although the 
solution continued to lose magnesium and phosphorus at a very slow rate, 
this point on the pH curve was essentially correct. We are therefore inclined 
to believe that an unstable equilibrium is represented by the entire portion 
of the curve between 1.0 and 2.0 equivalents. Quite possibly a curve at true 
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equilibrium would follow the course indicated by the dotted line. The delay 
in equilibrium here can conceivably be attributed to the fact that we are 
dealing (as shown below) with a salt composed of five ions whose precipita- 
tion, being a reaction either of a high order or a phenomenon of consecutive 
reactions, might be expected to be a slow one;? it may also be related to the 
fact that instead of starting with a true solution we introduced our mag- 
‘nesium as a solid phase; when the concentrations are such that the tendency 
to form the phosphate precipitate is small, it is possible that the minute 
nuclei of precipitate may protect some of the Mg(OH). from interacting 
with the phosphate ions. 

Analyses of the solid phase and calculations of the magnesium and phos- 
phorus of the solid phase by difference checked quite accurately, Mg/P 
ratios being found throughout closely approximating 1.17, which is the 
theoretical ratio for the tertiary phosphate Mg;(PO.)2. At no point on the 
curve were ratios suggesting the presence of secondary phosphates found. 
Calculations of the ion product 3pMg” + 2pPO,.’” are shown for the original 
titration curve and for the time experiment at 2.0 equivalents in Table I. 
It is apparent from the data in the time experiment that deposition of the 
tertiary salt is continuing, at least up to 10 weeks of continuous shaking, 
and that the ion product continues to decrease for at least a month. It 
should also be noted, however, that the ionic strength of the solution is 
also steadily diminishing; hence it is probable that the conditions in the 
shorter experiments, although not approaching equilibrium in respect to 


time, are actually not far distant from equilibrium at any point. On this 


account it has seemed justifiable to include these data in the graph in which 
pKsy for Mg;(POx,)2 is plotted as a function of the ionic strength of the 
solution (Fig. 5). Extrapolation of the experimental data indicates a pK, 
for Mg3(PO,). at infinite dilution of 27.7 at 38°C. The influence of ionic 
strength of the solution on the K,, is indicated by the equation pK,, = 
27.2 — 29./u. A comparison of these data with those obtained on the 
K,, of tertiary calcium phosphate indicates that the magnesium salt is far 
more soluble. At infinite dilution the pK,, of the calcium salt is approxi- 
mately 32 in contrast to 27.2 for magnesium, and extrapolation of our 
data for ionic strengths comparable to that of blood serum indicates that 
in this range the pK,, for the magnesium salt would be far below 20, in 
contrast to figures between 27 and 28 which have been obtained for the 
calcium salt. The far greater solubility of the magnesium salt is further 
attested to by the fact that the plateau on the titration curve caused by its 
precipitation occurs at a pH 7 instead of at a pH 5. One must conclude that 
such unfavorable influences as Mg ion may exert upon calcification are not 
attributable to the formation of an insoluble phosphate of magnesium in 


2 See Holt, LaMer, and Chown, loc. cit. This question is further discussed by 
Rathje, W., Ber. Deut. Chem. Ges. 74B, 546 (1941). 
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the body. The concentrations of magnesium would have to be many times 
that of the calcium before such a precipitate could be formed. 

As has been mentioned, two papers in the literature deal with the solu- 
bility of MgHPOu,, that of Tabor and Hastings (14) indicating that this 
has a value for pK,,MgHPO, of 4.46 at » = 0.16, and that of Greenwald 
indicating a value of 4.225 at » = 0.12 to 0.16. It may be noted that the 
ion products [Mg”]  [HPO,”] in our studies were in general in the same 
range as in the studies of these authors, particularly when the solutions 
were equilibrated for a short time, although in the long-term equilibration 
experiments the figures tended to approach a pK,, of 5.0. Yet in spite of 
this the final precipitates found by us at equilibrium conformed to the 
elementary composition of tertiary rather than of secondary phosphate. 
This raises the question as to whether the ion products reported by the 
previous authors actually represent conditions of equilibrium with second- 
ary phosphate. It appears that Tabor and Hastings started with a solid 
phase consisting of MgHPO,. Nevertheless they equilibrated for only 
24 to 48 hours, and since they did not report analyses of the solid phase at 
the termination of their experiments, it may well be that its composition 
had changed, some MgHPO, going into solution and perhaps a more basic 
salt being deposited. Calculations which we have made of the ion product 
[Mg"]}* X [PO.’’’} in the solutions of Tabor and Hastings suggest that these 
may have been in equilibrium with the solid phase Mg;(PO.)2. Greenwald 
(15) likewise failed to analyze the solid phase at the termination of his 
experiments. He was, however, cautious in his assumption that this was 
secondary phosphate, for he refers to the “apparent solubility product” 
of MgHPO,. In view of these considerations it would seem that further 
work is needed to establish the true solubility product of secondary mag- 
nesium phosphate. 


Tur Barium CuRVE AND THE SOLUBILITY OF THE BARIUM PHOSPHATES 


Although the data on barium are of comparatively little biological im- 
portance, they will be considered next because barium presents a somewhat 
simpler case than that of strontium. The titration curve of H3PO, with 
Ba(OH), is shown in Fig. 3 with the curves for NaOH and Ca(OH), at 
38°C. included for comparison. The barium curve, as may be seen, exhibits 
two plateaus; the first one between pH 4.7 and 4.8 appears very promptly 
after the first equivalent of H;PO, has been neutralized. Between 1.6 and 
1.9 equivalents the curve rises rapidly, but as it approaches the second 
equivalent it again flattens out, forming a second plateau at a level of pH 
7.2 to 7.3. The two plateaus suggest the formation of two precipitates—a 
suggestion confirmed by the analytical data and by gross inspection of the 
solid phase. Analyses and indirect calculations of the Ba/P ratio of the 
solid phase show that between the first and second equivalents the pre- 
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i 2 3 
Equivalents of H3P04 neutralized by base 


Fig. 3. Titration curve of phosphoric acid with barium hydroxide. The numbers 
attached to the points on the Ba(OH)2 curve refer to the Ba/P ratio of the precipi- 
tate. Theoretical ratio for BaHPO, is 4.43; for Ba3(PO.)> is 6.64. 


cipitate has a Ba/P ratio closely approximating 4.43, the ratio characteristic 
of secondary phosphate, whereas beyond the second equivalent a limited 
amount of data indicates a higher ratio and the presence of a more basic 
salt, presumably the tertiary phosphate. The precipitate obtained between 
1 and 2 equivalents is grossly crystalline, whereas after 2 equivalents it is 
increasingly amorphous. It thus appears that the first plateau results from 
the deposition of the secondary salt and the second plateau, from the 
precipitation of the tertiary salt. 

A comparison of the barium with the calcium curve indicates that the 
plateau caused by the deposition of secondary phosphate occurs at a lower 
pH in the case of barium (e.g., pH 4.7) than in the case of calcium (pH 5.1). 
From this one can deduce that the solubility of BaHPO, is less than that 
of CaHPO,. Our analytical data and calculations of the K,, for BaHPO, 
(shown in Table II) bear this out. The reverse relation seems to hold in the 
case of the tertiary salt. The second plateau in the case of barium occurs 
at a pH of 7.2 to 7.3, in striking contrast to that formed by the deposition 
of Ca3(PO,.)> (approximately pH 5.0). The conclusion that the tertiary 
barium salt is therefore much more soluble than the corresponding calcium 
salt is also supported by the analyses of the one solution (B 14) which could 
be regarded as in equilibrium with this solid phase. The pK;, for Ba3(PO.)2 
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at uw = 0.008 is found to be 29.34, in contrast to the pK, for Cas(PO.)2) 
which indicates a pK in the neighborhood of 32.0 at this ionic strength. 

If we compare the abscissa between the NaOH and the Ba(OH)2 curves 
with that between the NaOH and Ca(OH), curves at various pH’s, we can 
see at a glance the extent to which Ba can compete with Ca for the available 
phosphate. Between pH 4.7 and 5.0 barium forms the more insoluble salt, 
whereas above this pH calcium forms by far the more insoluble salt. Con- 
sequently under biological conditions in the body it would appear that 
barium is unable to compete successfully with calcium for the body phos- 
phate. The toxic effects of this metal must be otherwise explained. 


Tur STRONTIUM CURVE AND THE SOLUBILITY OF THE STRONTIUM 
PHOSPHATES 


The titration curve of H3;PO, with strontium hydroxide is shown in Fig. 4. 
It will be noted that this begins to deviate from the NaOH curve less 
promptly after the first equivalent has been neutralized than does the 
curve for calcium or that of barium hydroxide. A plateau is encountered 
in the vicinity of pH 5.4 between 1.1 and 1.4 equivalents. Analysis of the 
solid phase at these points reveals an Sr/P ratio characteristic of secondary 
strontium phosphate. Beyond 1.4 equivalents the curve rises again, tending 


) 
pH 


1 2 3 
Equivalents of H3P0, neutralized by base 


Fia. 4, Titration curve of phosphoric acid with strontium hydroxide. The num- 
bers attached to the points on the Sr(OH), curve refer to the Sr/P ratio of the final 
precipitate. Theoretical ratio for SrHPO, is 2.82; for Sr3(POx.)> is 4.23. 
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to form a second plateau between 2.0 and 3.0 equivalents. Between 1.4 and 
2.0 equivalents a negligible increase in the Sr/P ratio of the solid phase 
occurred (2.9 to 3.0 as compared with a theoretical ratio of 2.82 
for SrHPOx.). Beyond 2.0 equivalents, however, the Sr/P ratio of the solid 
phase increased steadily, finally exceeding the theoretical ratio (4.24) for 
the tertiary salt. 

An explanation of the gradually increasing basicity of the solid phase 
was sought. One possibility was that this represented a delayed equi- 
librium, in which case more prolonged equilibration would tend to eliminate 
it and produce a more uniform solid phase. Consequently further observa- 
tions were made on solutions equilibrated for periods up to 43 days instead 
of 10 days as in the original series. A time experiment was run, two series 
of identically prepared solutions being made, one member of each of which 
was terminated at intervals for analysis. The results shown in Table IV 
indicate no appreciable change in the composition of the solution after the 
tenth day. Microscopic examination of the solid phase at equilibrium was 
carried out for us by Dr. J. D. H. Donnay of the Department of Geology, 
Johns Hopkins University. Precipitates obtained between 1 and 2 equiva- 
lents were definitely crystalline, being transparent prismatic to acicular 
crystals belonging to the triclinic or possibly monoclinic systems, but 
definitely not orthorhombic. This description coincides with that of 
Schulten (19) for strontium brushite (SrHPO,-2H.O). The failure of the 
precipitate to lose water until heated in the electric furnace and the weight 

loss on such heating which would result in the formation of pyrophosphate 
indicated, on the other hand, that we were dealing with an anhydrous salt. 
The frankly crystalline structure of the precipitate tended to disappear 
beyond the second equivalent, a completely amorphous solid phase being 
noted at 2.7 equivalents. Although in the absence of X-ray analysis the 
nature of the solid must remain incompletely defined, it would appear to 
us that the increasing basicity of the precipitate could be explained by ad- 
sorption of Sr ions upon the crystal lattice of secondary phosphate—a 
process which had been observed by Logan and Taylor (20) in the case of 
calcium phosphate. Whether a strontium apatite occurs at any point can 
not be stated. 

Regardless of the nature of the solid phase in these strontium experi- 
ments, it is clear from the comparison of the plateaus of the titration curves 
that the phosphates of strontium are more soluble than those of calcium, 
and Sr would hence have to be present in biological fluids in higher concen- 
trations if it were to compete successfully with Ca for available phosphate. 

Data on the solubility products of the secondary and tertiary phosphates 
of the alkaline earth metals as a function of the ionic strength of the solution 
are given in Figs. 5 and 6. The ion products for the tertiary barium and 
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Fie. 5. Relation between the solubility products of the tertiary phosphates of 
calcium, strontium, barium, and magnesium. 
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Fig. 6. Relation between the solubility products of the secondary phosphates 
of calcium, strontium, barium, and magnesium. 


strontium salts must be regarded as “apparent” solubility products in view 
of the questionable nature of the solid phase at equilibrium. 


DIscussION 


The data presented indicate that the tertiary phosphates of the 
alkaline earth metals studied are considerably more soluble than the cor- 
responding calcium salt. If, as is now generally believed, the solubility of 
the tertiary phosphate is at least a limiting factor, even if not the only one, 
concerned in the deposition of the apatite complex known as bone salt, 
it would appear that these other metals could compete successfully with 
calcium only at concentrations well above those attained by calcium in 
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biological fluids. There is no evidence that such concentrations are ap- 
proached in conditions in which Sr or Ba has been given. In the case of Mg, 
too, rises in extracellular concentration are possible only to a limited extent, 
and it does not appear that these could compete successfully with calcium 
in processes of extracellular calcification. 

The possibility that secondary phosphate occurs as an initial phase in 
the deposition of calciwm has been mentioned repeatedly in the literature, 
notably by Kramer and his co-workers (21). Direct evidence of crystalline 
secondary phosphate in calcifying tissues has not been obtained, only apa- 
tite structures being found. It is also difficult to reconcile this hypothesis 
with the observations of Shear and Kramer (22) that serum is undersatu- 
rated with respect to CaHPO,. However, even if it were true that deposition 
of CaHPO, occurred as a transitory phenomenon, as has been claimed, 
it does not appear from our data here presented that strontium or mag- 
nesium could by the formation of their secondary phosphates interfere with 
the deposition of the calcium salt. Such interference could occur only in the 
case of barium, which forms a highly insoluble secondary phosphate. 

It would appear to us that the antagonistic effects of magnesium 
and strontium upon calcification are more readily explained by competition 
of these metals in the metal complex of the enzyme systems of cells con- 
cerned with calcification than by any direct effects on the equilibria con- 
cerned with the deposition of bone salt. Sobel eé al. (23) likewise came to 
the conclusion that the decalcifying action of strontium could not be ex- 
- plained in terms of solubility phenomena. 

It may be pointed out that our data on the solubility of the mag- 
nesium phosphates may be of significance quite apart from the problem of 
calcification. This element, as is well known, occurs in high concentration 
in intracellular fluids, as do various types of phosphates. The formation of 
Mg;(PO,)2 may well prove to be a limiting factor in determining the con- 
centration of free Mg ion in tissues. 


SUMMARY 


1. By means of titration curves of phosphoric acid with alkaline earth 
bases, the solubility of the orthophosphates of magnesium, strontium, and 
barium has been studied and related to that of the corresponding calcium 
salts. 

2. The solid phase formed by the interaction of H;sPO, and Mg(OH): at 
38°C. was found to be the tertiary phosphate Mg;(PO.)2 throughout the 
range studied, no evidence being found of the formation of the secondary 
phosphate MgHPO,. The solubility product for tertiary magnesium phos- 
phate was found to be pK,, = 27.2 — 29-+/u. 

3. The solid phase formed by the interaction of H;PO, and Ba(OH); at 
38°C. was the secondary phosphate throughout the greater part of the 
range studied, some evidence of a more basic solid phase being obtained 
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when more than 2 equivalents of acid were neutralized by base. T he 
pK.epBaHPO, was found to be 7.56 — 8.4,/u. Assuming that the more 
basic precipitate encountered was the tertiary phosphate, the apparent 
pK.pBas(PO4)2 was found to be 29.34 at w = 0.0008. 

4. Analysis of the solid phase at equilibrium formed by the interaction 
of H;PO, and Sr(OH), at 38°C. showed this phase to be SrHPO, between 
1.1 and 1.85 equivalents, after which a steadily increasing Sr/P ratio was 
obtained. The solubility product for SrHPO, was found to be pKsp, 7.06 
— 8.14/u. The apparent solubility product for Sr3(POx)s, if we assume that 
this was present in the more basic precipitates, was pK,, = 27.8 at w = 
0.0035. 

5. The decalcifying action of alkaline earth minerals is discussed in rela- 
tion to the above data. 


The authors wish to thank Prof, Victor K. LaMer for his kindness in reading and 
criticizing this manuscript. 
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ABSTRACT 


Coalescence of emulsion droplets, at a rate which decreases to zero as the droplets 
approach a limiting size and relatively uniform size distribution, a little-known 
but widely occurring phenomenon termed ‘‘limited coalescence,”’ is investigated. 

An explanation of the phenomenon, on the basis of the Gibbs-Kelvin relation 
between the radius of droplet curvature and the adsorption of emulsifier particles, is 
proposed. 

A relation between the limiting size of emulsion droplets, the amount and particle 
size of emulsifier, and the volume of the emulsified phase is derived on the assumption 
of mono-layer adsorption of emulsifier particles. Experiments confirming this relation 
are described. 

INTRODUCTION 


The first and only clear description of “limited coalescence”’ in the litera- 
ture is by W. B. Hardy (1) in 1928. Since Hardy’s remark also authorizes 
a rather broad (and for present purposes convenient) use of the terms 
“colloid” and ‘‘emulsion,”’ we quote it in full: 

“A definition of the colloid state which certainly had a vogue was in 
terms of the size of the units. An emulsion which turned up fortuitously 
during the course of some work on lubricants must be held to have disposed 
finally of a definition of that kind. It was a stable emulsion whose droplets 
were uniformly three millimeters in diameter. By shaking it violently, the 
droplets could be broken but, on standing, they reverted slowly to standard 
size—three millimeters in diameter.” 

Although this is apparently the only description of the phenomenon 
itself, there are many references to similar or related phenomena in the 
colloid literature. 

Berkman and Egloff (2) quote Wright (3) to the effect that oil field emul- 
sions, upon aging, commonly become coarser and more uniform in drop size. 

King and Mukherjee (4) report that in emulsions prepared with high 
molecular weight colloids, such as gelatin, the droplets become larger 
and more stable upon standing for several days. 

The common occurrence of “limited coalercence” during the preparation 
of emulsions with finely divided solids may be inferred from the fact, 
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first reported by Pickering (5), that the size of the droplets does not depend 
on the intensity of agitation, but on other factors such as the amount and 
particle size of the emulsifier. i 

Bennister, King, and Thomas, in an excellent general survey of solid 
emulsifiers (6), report a limiting size (Hardy’s “standard size”) as “a 
minimum size of oil droplets thus stabilized which cannot be reduced by 
mechanical means.” In view of the coarseness of their emulsions—“‘often 
so coarse as to be visible to the naked dye’”—it must be presumed that 
the droplets were broken by the mechanical means (homogenization), but 
quickly coalesced to the limiting size. The same process probably occurs 
following the homogenization of milk and explains the uniformity of drop 
size thus obtained. 

Similar phenomena occur during the coagulation of hydrophobic colloids 
(7, 8, 9), although the mechanism (10) and the factors affecting the limiting 
size of the aggregates may be different. 

The behavior of foam bubbles also bears a close resemblance to this 
phenomenon. Berkman and Egloff (2), for example, report (p. 140) that 
“Elastic forms of large size bubbles are considered more stable than those 
of small size bubbles; this is not in line with other colloid systems.” 

An increase of bubble size with time, in the case of flotation foams, is 
reported by Gaudin (11). 


PRELIMINARY EXPERIMENTS 


The present work originated in a study of the problem of bead size con- 
trol in suspension polymerization and involved preparation of coarse emul- 
sions of monomers in aqueous colloids (‘granulating agents’”’). Since the 
monomer-polymer droplets in these systems were so coarse as to be easily 
visible to the naked eye, the process of coalescence could be readily ob- 
served upon stopping the agitation. Among the bewildering variety of 
events which occurred during such simultaneous creaming and coalescence, 
the phenomenon described by Hardy was observed, sometimes with as- 
tonishing speed and with the production of beautifully uniform droplets. 

Such observations prompted a more detailed investigation, the pre- 
liminary stages of which involved rather crude trial-and-error testing of a 
wide variety of recipes, with visual observation of results. The following 
conclusions were drawn from this preliminary work. 

1. The oil-to-water ratio in the recipe is not important, provided that at 
high ratios (e.g., two-to-one by volume) the oil is added slowly to the 
water phase, with agitation insufficient to break the emulsion. 

2. The nature of the oil phase is of minor importance in most cases, pro- 
vided that it does not contain surface-active groups or impurities and 
that its viscosity is of the same order of magnitude as that of the aqueous 
phase. With extremely viscous oils subdivision to the required droplet 
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size can be obtained only by adding a thickening agent to the aqueous 
phase. 

3. The intensity and duration of the initial agitation have no effect, 
provided that both exceed certain minimum values. Agitation apparently 
serves not only to break up the oil phase into droplets smaller than the 
limiting size, but to promote adsorption of the colloid by intensifying 
colloid-to-interface collisions. Mild agitation during coalescence frequently 
speeds up the process, without affecting the limiting size. 

4. The phenomenon occurs only when at least one of the ingredients in 
the recipe is a water-dispersible colloid or finely divided solid of very high 
molecular weight. It occurs with inorganic colloidal salts or hydroxides, 
clay, raw starch, sulfonated cross-linked organic high polymers, alginate 
and certain emulsion polymer particles. It does not occur with soaps and 
low molecular weight surface-active agents used alone. With colloids of 
intermediate molecular weight such as gelatin, linear organic polyelectro- 
lytes, polyvinyl alcohol, and methyl cellulose, it occurs only slowly and 
indistinctly. 

5. In most cases a “promoter” or a combination of promoters is neces- 
sary. Such substances promote adsorption of the colloid at the oil-water 
interface. They apparently act either by depressing the thickness of the 
diffuse electrical double layer around the colloid particles, or by partly 
coating them with an organic material which is attracted to the oil phase, 
or both. From another point of view, the promoter serves to adjust the 
“hydrophobic hydrophilic balance”’ (12) of the emulsifier particles. The 
theory of promoter action in froth flotation, as discussed by Gaudin (11), 
appears to apply equally well to the case of solid emulsifiers. 

An extremely wide variety of such agents, known variously as “‘flocculat- 
ing agents,” ‘‘extenders,” “collectors,” ‘sensitizing agents,” “protective 
colloids,” etc. (14-17), may be employed, and are frequently effective in 
such low concentrations that unknown and variable impurities may inter- 
fere with reproducibility of results unless a strong promoter is deliberately 
added to the recipe. Gelatin, being amphoteric, is particularly effective with 
a wide variety of colloids, at about 10 p.p.m. in the aqueous phase. In 
some cases, both an inorganic electrolyte and an organic promoter seem 
to be necessary. 

6. The limiting size of the oil droplets is directly proportional to the 
product of oil phase volume and colloid particle size, and inversely propor- 
tional to the weight of colloid employed in the recipe. It is usually inde- 
pendent of the amount of promoter employed, within the range required 
to promote ‘Limited Coalescence.” 

7. Any distinction between “limited coalesence”’ and other types of 
coalescence, flocculation, etc., appears to be somewhat arbitrary. For 
present purposes, the term is used to designate coalescence of emulsion 
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droplets which ceases within a few seconds or minutes, rather than hours or 
days, and which results in stable droplets having a size range of less than 
three to one, rather than ten (or more) to one, as in ordinary (18) emulsions. 
8. The coalescence of oil droplets resembles the process of coalescence 
of air bubbles at an interface, as described by Hardy (19)—it occurs sud- 
denly, after the elapse of a certain contact time, which depends on the 
nature of the interfacial film. With oil droplets in a given recipe this contact 
time increases with increasing droplet radius. ‘Limited coalescence”’ occurs 
when this contact time increases, over a narrow range of drop sizes, from 
a few seconds to many hours. Under a range of conditions, a wide variety 
of coalescence speeds and final drop size distributions are obtained, differing 
only quantitatively from “limited coalescence.’ Suspensions may coalesce 
“very much like a foam, which slowly breaks down and disappears” (20), 
or may break ‘“‘suddenly, after an induction period”’ (reference 6, p. 228). 


THEORY 


On the basis of existing theories of emulsification (12), the increasing 
stability of oil droplets with increasing drop size during coalescence indi- 
cates that the emulsifier particles are much more strongly attracted to the 
larger droplets. Such theories, however, provide no explanation of why this 
should occur, nor of why it occurs only in the case of very high molecular 
weight, or particle weight, emulsifiers. 

A very simple explanation is obtained if one considers the attachment of 
the emulsifier particles to the oil drops as an adsorption phenomenon, obey- 
ing Eq. [1], the well-known Kelvin-Gibbs relation: 


Sr 206M 


LS Sapa [i] 


where Sr = escaping tendency of particle from surface of radius r (r is 
negative for concave surfaces). 
S = escaping tendency from flat surface. 
o = interfacial tension. 
M = molecular weight of particle. 
= density of particle at the surface. 
RT = gas constant and temperature. 

Although this relation has recently (1951) been verified by V. K. LaMer 
and Ruth Gruen (21) in a study of the vapor pressures of volatile solvents 
in nonvolatile aerosol droplets, these authors point out that ‘The general 
acceptance which equation (1) enjoys rests on the cogency of the Kelvin- 
Gibbs (22) derivation, and on the success of further theories based upon it.” 

Acceptance of the equation in the present connection, which involves 
a rather unconventional extension to cases in which the kinetic units are 
colloidal particles rather than molecules, and the attachment of the particle 
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to the surface is generally called “adhesion” rather than “adsorption,” 
rests on a similar basis. 

Qualitatively, Eq. [1] appears to fit the facts very nicely. It predicts 
not only a decrease in escaping tendency of the emulsifier particles with 
increasing radius of the oil droplets, and therefore the greater stability of 
the larger droplets, but also the increased magnitude of this effect with 
increasing ‘molecular’ weight of the particle. 

This equation is applicable only where electric double-layer effects can 
be neglected. An equation derived by Knapp (8) includes such effects, but 
reduces to [1] under the conditions of limited coalescence—small electric 
charge and/or large radius. 

The variation of Sr/S with 7, in the case of low molecular weight mate- 
rials (Z = 100), becomes appreciable only when 7 is less than about 10-* 
em. (23); that is, when M/r is greater than 107. Since the other factors on 
the right side of Eq. [1] usually vary only over a small range compared to 
M and 7, one would expect that at values of M/r much greater than 107 
the dependence of escaping tendency on radius would become increasingly 
strong. Thus, with r = 1 cm., a strong dependence of escaping tendency 
on r would be expected only with colloids having M much greater than 
10’. This seems to explain the fact that in the visible range of drop sizes, 
limited coalescence requires colloids of very high molecular weight. 

The fact that ‘limited coalescence” is not generally obtained by the use 
of colloids composed of flexible, linear macromolecules is undoubtedly due 
to the fact that the molecular weight of the ‘‘kinetic unit” in such molecules 
is relatively low and independent of the size of the molecule. With colloids 
and/or surface-active agents having “kinetic units” of low molecular 
weight, the phenomenon would be expected to occur only with very small 
droplets: The process described by Bhatnagar (24), of producing emulsions 
of uniform droplet size by violent agitation of a concentrated emulsion, 
might be explained on this basis. 

Thus, in a recipe containing a completely adsorbed colloid in amount 
insufficient to coat all the surface area produced by the agitation, 
coalescence proceeds until this area becomes equal to the sum of the cross- 
sectional areas of the colloid particles present. The sharpness of the size 
distribution of the resulting droplets is dependent on the rate of change of 
escaping tendency of the colloid with radius of curvature. 

In this case, the geometry of the situation requires a very simple relation- 
ship between the limiting diameter (D) of oil droplets, the volume (V) of 
oil in the recipe, and the particle diameter (h) and weight (w) of colloid 
employed. This is derived as follows: 

If there are N oil droplets of diameter D in the resulting emulsion, their 
volume will be: 

: 6V 

(a) — Nee 
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The total oil-water interfacial area A will be: 
(b) A = NrD = —. 


Assuming cubic packing of n colloid particles of diameter h, the area 
covered, nh?, is equal to A, or 


(c) syst Diegaee 


If w and d are the dry weight and density of the colloid particles, and k 
is the ratio of volume of the wet colloid on the droplet surface to its volume 
in the dry state, then 


_ 1/6nmh? _ 6uk 
(d) ee ae jo Rape at 
This, with (c) gives: 
be (21 


This equation applies only when the colloid is completely adsorbed at the 
interface. 

If the amount of promoter or the intensity of agitation is insufficient 
to cause complete adsorption of the colloid, limited coalescence may occur 
but the drop size becomes very sensitive to the nature of the oil phase as 
well as to the amount of promoter, traces of impurities, etc., and is difficult 
to reproduce. For these reasons, the present study has been largely re- 
stricted to the simpler conditions, under which Eq. [2] should hold. 


EXPERIMENTAL 


As a test of Eq. [2], the limiting diameters of oil droplets obtained from 
several recipes employing colloid particles of known diameter, were com- 
pared. with the theoretical diameters predicted by the equation. 

To obtain spherical colloid particles of known diameter, a sample of 
Dowex 50 (25) ion-exchange resin beads (finer than 400 mesh, acid form) 
was fractionated by repeated sedimentation and decantation in 25% ethyl 
alcohol into four fractions. The range of particle sizes and the average 
particle size, as estimated by examination at 300 power under a microscope 
with micrometer eyepiece, are listed in Table I. 

Emulsions were prepared from each of these fractions by placing in a 
test tube 7 ml. of distilled water containing 0.4% CaCh, the amounts of 
gelatin (Baker and Adamson, Code 1797) and Dowex shown in Table II, 
and 5 ml. of styrene monomer. The pH of the emulsions were not measured. 
After vigorous shaking by hand, the tubes were allowed to stand for about 
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TABLE I 
Particle Size of Dowex 50 Fractions 
: Particle size, microns 
Fraction number 
Range Average 
1 4.8-18 9 
2 9.0-20 13.5 
3 13 .5-30 20 
4 22-45 31 
TABLE II 
Measured vs. Theoretical Oil Drop Diameters Obtained with Dowex 60 Fractions 
- 12) ter % i 
Colour edded aqueous phase Measured Theoretical Remarks 
ie thes ae ) ees rep ) 
lam. (mm. 5 . * * 
Fraction eee CaCle Gelatin ll wile os Taeetey Aden 
il 0.084 0.4 0.001 3 2.0 Fair Complete 
2 0.127 0.4 0.001 2.5 2.0 Fair Complete 
3 0.188 0.4 0.001 2.0 2.0 Fair Complete 
4 0.290 0.4 0.001 1.8 2:0 Fair Complete 
1 0.168 0.4 0.001 2.5 1.0 Fair Incomplete 
2 0.255 0.4 0.001 1:5 1.0 Fair Incomplete 
3 0.376 0.4 0.001 1.4 1.0 Poor Incomplete 
4 0.580 0.4 0.001 1.0 1.0 Poor Incomplete 
1 0.168 0.4 0.0016 1.4 0 Good Incomplete 
2 0.255 0.4 0.0016 1.2 1.0 Fair Incomplete 
3 0.376 0.4 0.0016 0.8 1.0 Poor Complete 
4 -0.580 0.4 0.0016 0.8 1.0 Poor Complete 
1 0.168 0.4 0.0024 ileal 1.0 Good Complete 
2 0.255 0.4 0.0024 1.0 1.0 Fair Complete 
3 0.376 0.4 0.0024 | 0.8 1.0 Poor Complete 
4 0.580 0.4 0.0024 0.8 1.0 Poor Complete 


a minute, until no further coalescence could be observed. The average drop- 
let sizes were then estimated by comparing with a set of size standards, 
consisting of polystyrene beads, screened to narrow size fractions averaging 
4, 2.5, 1.4, 1.0, 0.7, 0.5, and 0.35 mm. 

The amount of Dowex added was calculated in advance by Eq. [2] to 
give the theoretical drop sizes shown in the table. For these calculations 
the dry density was taken as 1.44, and the swelling ratio, k, as 1.20. 

Owing to the dark brown color of the Dowex, incomplete adsorption at 
the interface is indicated by a brown color of the water layer after 
coalescence is complete. 
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TABLE III 
Measured vs. Theoretical Oil Drop Diameters Obtained with Bentonite as Colloid 
Promoter, % in aqueous phase Measured Theoretical Drop size 
Bentonite, grams _oil drop x oil wee ) niformits, 
CaCk Gelatin diam. (mm.) la (py: 
0.0005 0.4 0.001 Batis 4.1 Fair 
0.0010 0.4 0.001 1.4 2.05 Fair 
0.001 20.0 None 2.0 2.05 Fair 
0.002 20.0 None 0.8 1.0 Fair 
0.003 20.0 None 0.6 .67 Fair 


The data show that the drop size closely approaches the theoretical 
drop size if the amount of promoter is sufficient to cause complete adsorp- 
tion. An excess of promoter does not reduce drop size but appears to affect 
drop size uniformity. 

The data also show that the amount of promoter required to cause com- 
plete adsorption increases with the amount of Dowex and with decreasing 
particle size of the Dowex. The latter is to be expected, owing to the greater 
“escaping tendency” of small particles. 

As a further check on Eq. [2], a series of emulsions were prepared, using 
the same procedure, but with bentonite as the colloid. The results are shown 
in Table III. 

In the calculation of the theoretical drop sizes for Table III, the values 
k = 8, and d = 2.1 (J. W. Mellor, Vol. VI, p. 495), andh = 5 X 10 cm. 
(J. P. Chem. 46, 9, p. 1041) were used. 

Since the bentonite particles are not spheres, but platelets and clusters 
of particles of a very wide range of sizes, and since the average size of the 
clusters may vary with the method of preparation of the suspension, this 
data can only be regarded as a rough confirmation of Eq. [1]. In fact, the 
agreement shown in the table is better than one would expect under the 
circumstances, and may be partly fortuitous. 

The validity of Eq. [2] has also been demonstrated with a series of raw 
starches of varying grain size, and kerosene as the oil phase (26). With corn 
or rice starch at room temperature no electrolyte or promoter is required, 
and very uniform droplets are produced in sizes up to 3 mm. 

With highly cross-linked, completely sulfonated polystyrene or poly- 
vinyltoluene as the colloid, practically any inorganic acid or salt may be 
used as promoter. The phenomenon, in this system, sometimes occurs with 
such speed that no coalescence can be observed, the process being complete 
within one or two seconds after agitation is stopped. The results, however, 
vary considerably from batch to batch of the polymer, and with age of the 
solution, presumably owing to variations in size and size distribution, of 


the swollen microgels, and in stability of the polymer to age, mechanical 
agitation, etc. 
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With inorganic colloidal salts and hydroxides an organic promoter is 
usually required, especially if prepared by precipitation from pure reagents. 

When polyvalent electrolytes, polyelectrolytes, or colloids of opposite 
electric charge are used as promoters, the oil droplets during coalescence 
frequently clump or aggregate into a mass resembling frogs’ eggs. This 
condition (also noted by Bennister, King, and Thomas (6)) can usually be 
remedied either by gentle agitation or by adding a monovalent electrolyte. 
The reason for this behavior, which occurs also during the homogenization 
of milk and is overcome by a second, more gentle homogenization (reference 
12, p. 345), is not clear. 

Another peculiar type of behavior sometimes occurs when the amount 
of promoter added is insufficient to drive all the colloid to the interface. 
This consists of typical “limited coalescence” of part of the oil phase, 
producing some very large oil droplets, but leaving the remainder in the 
form of very small droplets, thus producing an emulsion having some large 
droplets, some small ones, with none of intermediate size. The large ones 
appear to be protected by absorbed colloid, and the small ones by some 
other mechanism—-perhaps a double-layer repulsion. Upon the addition 
of more promoter, and reshaking, the two peaks in the size distribution 
approach each other, the small droplets increasing and the large ones de- 
creasing in size, until the distribution becomes sharp. This is especially 
noticeable with sulfonated polystyrene (cross-linked, ‘‘Fish-eye”’ type) as 
the colloid, and an electrolyte as promoter. 


Discussion 


From the standpoint of adsorption theory, with Eqs. [1] and [2], a number 
of other isolated facts or discrepancies in the field of emulsions and foams 
seem to be capable of qualitative explanation. 

The difficulty of controlling and reproducing results in the use of high 
molecular weight colloids and finely divided solids as emulsifying agents 
appears to be due to the difficulty of controlling either the “promoter” 
action of trace impurities, or the particle size of the colloid, or both. 

A scientific basis is provided for the contested (reference 2, p. 104) 
statement, first made by Pickering (5), that the size of the droplets in 
certain emulsion systems depends on the size of the particles of the 
emulsifier. 

The behavior of flotation foam bubbles in adsorbing mineral particles 
(11) is closely correlated with the behavior of oil droplets in adsorbing coarse 
emulsifier particles. The effect of particle size in both cases is in the direction 
predicted by Eq. [1], and the “promoter”’ effect is very similar in both 
cases. Although no data seem to be available in the literature, one would 
expect larger bubbles to have a stronger adsorbing capacity per unit surface 
area than small bubbles, other factors being equal. 

This point of view also provides a reasonable explanation of the effect 
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of violent mechanical agitation in producing emulsions of narrow drop size 
distribution, such as those reported by Bhatnagar (24), for soap-stabilized 
emulsion, Hohenstein and Mark (20) for suspension polymer beads, and 
various workers for homogenized milk. Such results cannot be explained 
on the basis of the mechanics of droplet rupture (27), which should produce 
only very nonuniform drop sizes. The uniformity is: probably due to a 
coalescence process, in which the rate varies inversely with drop size. 


CONCLUSIONS 


1. “Limited coalescence,’ with similar phenomena reported in the 
literature, in which the stability of coarse suspensions and foams increases 
with increasing radius of curvature of the dispersed phase, is explained by 
reference to the Kelvin-Gibbs equation. 

2. The factors affecting the “limiting size” of the droplets, in the usual — 
case (complete adsorption of the protective colloid), are shown to be related 
by Eq. [2], derived by assuming “mono-molecular” packing of colloid 
particles at the interface. 
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I. INTRODUCTION 


It is well known that the addition of so-called surface-active agents to a 
carbon suspension has a profound influence on the rheological properties 
of the suspension (1). 

Examples of such surface-active agents are benzidine, which caused a 
lowering of the yield value, and Gilsonite (an asphaltite bitumen. See, for 
example, H. Abraham, ‘‘Asphalts and Allied Substances,” D. Van Nostrand 
Co., Inc., New York, 1945), which caused an increase. Recent work (2, 3, 4) 
on the adsorption by carbon of high polymer molecules from solution sug- 
gested the problem of the influence of such materials on the rheological 
properties of carbon suspensions. In this latter work, there appears to be 
a polymer molecular weight and a solvent influence on the extent of ad- — 
sorption. In fact, a major interest in such studies is the possibility of 
chromatographically fractionating a polydisperse mixture of high polymers. 
Kolthoff and Gutmacher (3), however, working with GR-S, did not find 
much of a molecular weight influence. 

Differences in the extent of macromolecular adsorption, whether due to 
solvent or molecular weight, would be expected to appear as differences in 
the rheological properties. It should also be remembered that solvent ad- 
sorption of significant magnitude can occur and has been demonstrated (5). 
The adsorption studies mentioned above apparently have not taken this 
into account. Calculations would be affected where concentration of poly- 
mer in the supernatant is used as the measure of the extent of adsorption. 
Solvent adsorption may likewise affect the rheological properties of such 
systems. 

Because of the polymer size, the possibility of inter-particle adsorption 
could result in interesting effects on the yield stress as a function of the 
molecular weight. The influence of polymer adsorption on a system which 
has a yield stress could be such as to interfere initially with the structure 
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responsible for this yield stress. Further adsorption could then build up 
another structure which would result in a yield stress increase. 

Certain differences exist in this work as compared to the adsorption 
measurements performed in the quoted references (2, 3, 4). The carbon 
suspensions were all prepared by a much more drastic process (three-roll 
milling) than that used in the adsorption measurements quoted. It is well 
known that a carbon suspension prepared by merely stirring carbon into 
a solvent has rheological properties markedly different from those of one 
prepared by ball or three-roll milling. It may very well be that in the latter 
processes a much larger effective surface area is exposed. Electron micro- 
graphs have shown that large carbon aggregates break down during dis- 
persion with ultrasonics (6). 

It is certainly true that whereas the first case gives a suspension with 
practically no yield value, the second case gives a suspension whose yield 
value increases and approaches an asymptotic value. The possible relation- 
ship of this fact with an increase in adsorption depending on the processing 
method will be discussed in the body of this paper. 


Il. EXPERIMENTAL 


A coaxial cylinder viscometer! in which the outer cylinder is rotated was 
constructed with the following features. The drive consists of a 3450 r.p.m. 
constant speed a.-c. motor coupled to a Graham variable-speed reducer 
_ having an output of 0-530 r.p.m. The output of the speed reducer leads 
through gears, to the speed indicating device. It also leads to the cradle 
which supports the outer cylinder, passing into the water bath through a 
mercury seal. The speed is determined by a directly coupled Hasler-Tel 
tachometer, a revolution counter which, when manually activated, counts 
the number of revolutions for approximately three seconds and yields a 
direct reading in revolutions per minute of the average speed during this 
time interval. Readings of the speed can be made to the nearest 0.1 r.p.m., 
but since the constancy of the drive is approximately 0.5 r.p.m. over the 
entire range, readings to the latter precision are taken in practice. 

The inner and outer cylinders (hereafter referred to as bob and cup, 
respectively) were constructed from 303 stainless steel, the surfaces being 
ground to a diameter uniformity of 0.00025 cm. The nominal dimensions 
of the cup and bob are given in Fig. 1, where the distribution of the liquid 
sample is also indicated. By means of the centering pins on the lower side 
of the cup overflow reservoir and the taper on the side of the cup, snug 
alignment into the cradle is assured. The brass cradle is slotted so that the 
water of the surrounding bath flows through the cradle and is directly in 


1 This instrument was built by the Process & Instruments Co., Brooklyn, N. Y. 
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Fria. 1. Schematic representation of cup and bob dimensions and wire suspension 
system: A, chuck jaws; B, lock nut collar; C,; top of bob shaft. 


contact with the outer walls of the cup. The cup has a removable bottom to 
facilitate cleaning. By means of a liquid pump, the water is vigorously 
circulated. Temperature control (as determined by a calorimeter ther- 
mometer) is easily maintained to +0.02°C. or better with an electrical 
heater which is controlled by a mercury thermoregulator and electronic 
relay. In use, the bob is lowered to a fixed depth determined by a mechan- 
ical stop. This maintains a constant distance of separation between the 
bottom of the bob and the bottom of the cup. The slight excess sample used 
intentionally overflows into the cup reservoir. 

The bob and its alignment shaft are an integral piece, being machined 
from suitable stainless steel stock. The shaft passes through a tube which 
is attached to a rack and pinion device by which the bob, its upper wire 
support, and alignment tube are all moved vertically. The bob shaft is 
aligned in the tube by two rigidly mounted SKF noise-tested precision ball 
bearings. The alignment of the axis of bob and shaft relative to the axis 
of the cradled cup was accomplished by proper shimming of the vertical 
rack. 

The bob shaft is suspended from straightened stainless steel music wires 
by a method which allows easy interchange of wires and permits constancy 
of the calibration of the torsion constant of the wires. At the top of the bob 
shaft is a recess into which the base of the chuck jaws of a pin vise fits. After 
slipping the lock nut collar along the wire, the wire is silver soldered into 
the base of the chuck jaws. When the chuck jaws are seated into the recess 
in the bob shaft and the lock nut collar screwed down, the jaws always 
grasp the wire at the same position. At the top of the suspension, the wire 
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Fia. 2. Photograph of coaxial cylinder viscometer. 


is permanently clamped by a pin vise which is an integral part of a bolt 
which is easily inserted or removed by means of a matching screw clamp. 
The lower assembly for the suspension wires is illustrated in Fig. 1. By 
preparing a number of wires (2-ft. lengths) of different diameters according 
to the method discussed above, a suitable torsion constant may be chosen 
to study the rheological behavior of materials over a wide range of mechan- 
ical properties. 

Attached to the bob shaft between the top bearing and pin vise arrange- 
ment is a Lucite cylinder 1.3 cm. high and 15 cm. in diameter. In a groove 
near the edge, a scale having 1000 divisions per revolution is held by a 
spring wire. This scale is in the form of a paper strip photographically 
reproduced from a master linear scale. By sighting the scale through a 
telescope, the deflection of the bob can be determined with a precision of 
0.5 division (or 0.18 circular degree). (The over-all construction of the 
apparatus can be seen in Fig. 2.) 

By the use of the suspension wire clamping device described above, the 
zero point before and after an experimental run remains constant to 0.5 
division or better for all wire diameters used to date (maximum wire diam- 
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eter 0.041 in.). For larger diameter wires, some permanent deformation 
may result from torsional displacements of about 2 7 radians. 

Two procedures were used to determine the torsional constants of the 
suspension wires—the torsion pendulum and weight and pulley methods. 
Agreement of results from the two methods was generally within 0.3%. If 
the coupling effects between the bottoms of the cup and bob can be neg- 
lected, the concentric cylinder viscometer may be used as an absolute in- 
strument for the determination of the viscosity of liquids in laminar flow, 
provided the geometry of the cylinders and the torsion constant of the 
suspension wire are known. In practice, however, the end effects are gener- 
ally not negligible for an instrument of convenient design. When a liquid 
of known viscosity was used and the data for torque vs. velocity gradient 
employed on an absolute basis, an error of about 2% in the viscosity re- 
sulted. It was decided to perform an empirical calibration using N.B.S. 
standard viscosity liquids in order to minimize the end effect error and to 
eliminate the effect of any fixed errors in angular velocity and/or deflection 
determinations. A series of experiments were performed using N.B.S. oil 
L-19, where slopes (as r.p.m. per division) for a given suspension wire 
were determined at seven temperatures. From the three viscosity-tempera- 
ture values supplied by the N.B.S., the other temperature-viscosity values 
necessary were estimated by a graphical procedure. An over-all instrument 
constant, K, defined as viscosity times slope, could then be evaluated at 
each temperature. The results are listed in Table I. Thus Newtonian vis- 
cosities can be determined with an accuracy of about +0.5%. 

A channel black of 13 my mean ultimate particle diameter was heated in 
a graphite crucible at 1370°C. for 2 hours. A 6.00 wt. % suspension of this 
conditioned carbon was prepared in No. 10 petroleum oil by three ‘‘tight”’ 
passes of the mixed components through a three-roll paint mill. Using the 
same oil, 10.0 wt.% solutions of two commercial polybutene polymers 


TABLE I 
Calibration with N.B.S. Oil L-19 
Temperature Viscosity” Ke 
(Gs) (poise) (poise r.p.m. div.) 
20.00 + 0.01 0.9754 4.262 
23.00 + 0.01 0.8106 4.252 
26.00 + 0.01 0.6794 4.246 
30.00 + 0.01 0.5448 4.287 
32.23 + 0.01 0.4850 4.291 
34.29 + 0.01 0.43858 4.280 
= 37.17 + 0.01 0.3765 4.245 


Average = 4.268 + 0.023 (40.54%) 


a Relative to the value 0.01002 poise for the absolute viscosity of water at 20°C. 
> Using a suspension wire having a restoring-force constant of 1459 dyne cm. div.-}. 
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(Vistanex LM-S and LM-H) were prepared. From these initial solutions, 
two sets of solutions (one for each type of polymer) having the following 
compositions were prepared. 


Com ponent Solution A Solution B 
(CAO foed.oc TTR he Sie eee 3.00 wt. % 3.00 wt. % 
JEG) NATIVE, ees, 3 Aan ne 5.00 wt. % 0.00 wt. % 
OULO SUI Oller Puen Nasccsiesis aectelne e 92.00 wt. % 97.00 wt. % 


By the proper admixture of solutions A and B, a polymer concentration 
ranging from 0-5 wt.% could be prepared with the carbon concentration 
being fixed at 3.00 wt.%. A similar method of sample preparation was 
followed for the results at 1.50 wt. % carbon. Using an Ostwald dilution 
viscometer, relative viscosities of the polymers in benzene at 30°C. were 
determined at several concentrations. Their intrinsic viscosities (or limit- 
ing viscosity numbers) were determined in the conventional manner and 
found to be 0.24 and 0.425 (100 ml./g.) for Vistanex LM-S and LM-H, 
respectively. Using the data of Fox and Flory (7) for fractionated poly- 
isobutylenes, these intrinsic viscosities correspond to molecular weights 
of about 45,000 and 100,000, respectively. Although the use of these data 
to obtain molecular weights for unfractionated polybutenes is open to 
question, sufficient characterization for the present purpose is obtained. 
At 30.00 + 0.02°C., the concentric cylinder viscometer was employed to 
obtain the angular velocity vs. torque curves for each solution prepared. 
In most cases, a solution of the same polymer concentration with no carbon 
present was also studied for comparison with the samples containing carbon. 
~ All solutions not containing carbon were Newtonian. All solutions con- 
taining carbon yielded flow curves typical of simple plastic or Bingham flow 
as characterized by the equation (8) 


Tap) So ite 

y= —— — —iIn-, 
Arhar? r? ty ps 

where v is the plastic viscosity, 7’ the torque experienced by the bob at an 
angular velocity w, h the depth of immersion of the bob (or effective length 
of the bob), So the yield stress, and r, and 7; the radii of the cup and bob, 
respectively. For such a flow curve, the plastic viscosity or yield stress may 
be determined from the slope and extrapolated intercept, respectively, of 
the linear portion of the angular velocity vs. torque curve. To obtain re- 
producible results, it was necessary to store the carbon samples at 30°C. 
for at least 18 hours prior to their evaluation. There are no materials having 
standardized Bingham flow properties. Hence, although the precision of 
the measurements can be estimated from their reproducibility, the accuracy 
can be estimated only by reference to results: obtained with Newtonian 
liquids. In this regard, the precision of the plastic viscosity values reported 
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Fic. 3. Angular velocity versus angular displacement for: A, 3.00 wt. % carbon 
plus 0.50 wt. % Vistanex LM-S (one div. = 302 dyne cm. of torque = 20.23 dyne 
em.~? of shearing stress); B, 3.00 wt. % carbon plus 3.0 wt. % Vistanex LM-H (one 
div. = 490 dyne cm. of torque = 32.83 dyne cm. of shearing stress. 


is about +1%, the precision of the yield stress varying with its magnitude 
and the experimental conditions chosen. Typical primary data for individ- 
ual determinations on the carbon samples are depicted graphically in Fig. 
3. From these representative data, it is clear that the plastic viscosity 
values are independent of the rate of shear over the range studied. 


III. Resutts anp Discussion 


The data obtained in this work are summarized in Tables II and III 
and in Figures 4, 5, and 6. From these several results are evident: 

1. The yield stress initially decreases with the addition of Vistanex (Fig. 
5 and 6). The decrease occurs at lower Vistanex concentration and is ap- 
preciably more marked with increasing molecular weight. In the case of 
the 1.5% carbon concentration, where the initial yield stress is quite low, 
the uncertainty in the measurement appears to mask this effect. But even 
here, the addition of 1% of Vistanex does not appear to influence the yield 
stress. The second 1%, however, causes a profound effect, increasing the 
yield stress by some 60%. 

2. With increasing concentration of Vistanex, the initial decrease of the 
yield stress is followed by a sharp increase. The nature of the increase 
again differs markedly with the molecular weight of the polymer. For the 
45,000 molecular weight polymer, the increase is smooth. At the higher 
concentration of Vistanex, the rate of change becomes slow, and the sys- 
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TABLE II 
Experimental Results with Vistanex LM-S 
Vi IMS -N ioe ee AE ps yer : : 
a te gs ea reps carbon Spee 
i v 
(wt. %) (potse + 0.5%)% (poise + 1%)* (dyne cm. + 2.5%)% a8 1) 
3.00 Wt. % Carbon Concentration 
0 0.675 1.18 2065 0.75 
0.25 0.723 1.26 1860 0.74 
0.50 0.769 1 Bs) 1720 OR2 
0.75 0.889 1.46 1840 0.74 
1.0 0.902 1.565 1940 0.74 
led 1.043 1.81 2185 0.73 
2.0 1.203 2alts 2560 0.76 
3.0 1.527 Pasay 3100 0.69 
4.0 1.985 Bel 3280 0.65 
520 2.506 4.14 3410 0.65 
1.6 Wt. % Carbon Concentration (410%) 
0) 0.675 0.890 330 0.32 
0.5 0.769 1.024 370 0.33 
10 0.902 1.207 340 0.34 
2.0 1.203 1.566 525 0.30 
3.0 ood e202 690 0.32 
4.0 1.985 2.58 710 0.30 
5.0 2.506 3.20 800 0.28 
@ Average expected error. 
TABLE III 
Experimental Results with Vistanex LM-H 
(3.00 wt. % carbon concentration) 
Vistanex LM-H Newtonian viscosity Plastic viscosity of carbon Yield stress of carbon Specific 
concentration of LM-H in oil, 7 and LM-H in oil, v and LM-H in oil viscosity 
v 
(wt. %) (poise + 0.5%)" (poise + 1%)* (dynes cm=? + 2.5%)? Soe 1) 
0 0.675 1.18 2065 0.75 
0.07 LAG 1760 
0.14 125 1580 
0.25 1.33 1580 
0.50 0.847 1.48 1840 0.75 
1.0 1.061 1.81 2050 0.71 
2.0 1.418 Pahiye 2230 0.78 
3.0 1.97 3.50 2800 0.78 
4.0 2.70 4.71 3600 0.75 
5.0 3.00 6.12 4750 0:72 


« Average expected error. 


tem appears to be approaching a yield stress no longer dependent on Vis- 
tanex concentration. The difficulty of obtaining higher concentrations of 
Vistanex in the procedure used prevented us from examining this point in 
more detail. With the 100,000 molecular weight Vistanex, the initial in- 
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Fig. 4. Dependence of viscosity on Vistanex LM-S concentration at A, 3.00 wt. % 
carbon; B, 1.50 wt. % carbon; C, 0 wt. % carbon. 
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Fic. 5. Dependence of yield stress on Vistanex LM-S concentration at 3.00 wt. % 
carbon. 


crease from the minimum in the yield stress is as sharp as the initial de- 
crease. This is followed by a less steep section which extends to a concentra- 
tion of about 2% of Vistanex. Following this the yield stress increases very 
sharply and shows no tendency, over the concentration range studied, to 
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Fic. 6. Dependence of yield stress on Vistanex LM-H concentration at 3.00 wt. % 
carbon. 


approach the approximate constancy manifested with the lower molecular 
weight polymer. The increase in yield stress is very marked, showing an 
effect in excess of threefold. 

3. The plastic viscosity at each carbon concentration increases, as would 
be expected, with increase of Vistanex concentration. It was quite surpris- 
ing, however, to find that the increase in viscosity, relative to the polymer- 
oil solution, as given by the specific viscosity in Table II, remained prac- 
tically constant. Not only does it remain constant, but it appears to be 
sensibly independent of the polymer molecular weight and has the same 
value as for the two-component system carbon-petroleum oil. 

If the influence of polymer concentration and molecular weight on the 
yield stress is attributed to adsorption effects, discrepancies appear be- 
tween such an interpretation and the results obtained by others (2, 3, 4) 
investigating the adsorption of polymer by carbon. 

Thus, relative to Jellinek’s work (4), saturation would have already oc- 
curred at less than 0.5% polymer concentration. This was quite disturb- 
ing until the experimental details of Jellinek’s work were compared to ours. 
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At a concentration of 5%, carbon dispersed by shaking in petroleum oil 
is quite fluid. Upon passing through a three-roll mill or ball milling the 
system becomes semisolid, so that a beaker containing the mix can be in- 
verted without the occurrence of flow. It may be that the mild dispersing 
method used in the quoted works is probably such as to leave the carbon 
in a highly aggregated condition so that, in all probability, the surface 
area offered for adsorption is much smaller than the 10’ cm.?/g. mentioned 
(6). Under the assumption that each monomer element was adsorbed, the 
experimental adsorption values indicated that only about 7% of the sur- 
face was covered at saturation. This type of adsorption would provide for 
a maximum of coverage. If, however, as is more likely, only a few of the 
monomer elements of any polymer chain are adsorbed, a much smaller 
fraction of the surface would be covered. Adsorption studies of decane on 
carbon (Spheron) indicate that multilayer coverage occurs (9). 

The small coverage mentioned above was interpreted (3, 4) as being due 
to a blocking of the capillaries of the carbon by the high polymer molecule. 
This extremely small surface coverage as well as the profound differences 
in flow properties of carbon suspensions with method of dispersion poses the 
question as to whether the latter may influence the extent of surface avail- 
able for adsorption. The possibility of a greater extent of adsorption offers 
itself in our work. Perhaps related to this question is the amount of rubber 
taken up by carbon when the two are cold-roll milled together (3). Apprecia- 
ble amounts are ‘‘bound”’ to the carbon as contrasted to the very small 
amount adsorbed from solution. 

Lowering of the yield stress of carbon suspensions by surface-active 
agents is known (1). The initial lowering of the yield stress with addition 
of Vistanex is believed to be a similar phenomenon. The relatively slight 
coverage of the surface at low polymer concentrations is sufficient to inter- 
fere with and weaken the normal carbon structure responsible for the yield 
stress of a carbon-solvent sytsem. The increase of yield stress with both 
polymer molecular weight and concentration would imply that the polymer 
molecule does influence the structure formation associated with yield stress 
phenomena. If this were due only to a viscosity effect, the polymer mole- 
cule increasing the viscosity of the medium, then for the same viscosity 
similar yield values would be expected. That this is not so can be readily 
seen from the data. Not only is there no relationship between yield values 
and medium viscosity, but a crossover occurs such that higher yield values 
occur for lower viscosities depending only on the molecular weight. The 
effect of the polymer in increasing the yield value is believed to be due to 
another contribution, namely, binding of the carbon particles through the 
adsorbed polymer molecules. 

The increase of plastic viscosity with polymer concentration and molec- 
ular weight is to be expected. If one regards the polymer solution as the 
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dispersing medium, the relative viscosity becomes essentially independent 
of both polymer concentration and molecular weight. Thus in Table II 
the specific viscosity for zero Vistanex concentration is in all cases approxi- 
mately the same as that for the addition of Vistanex. At the higher Vistanex 
concentrations, there is an apparent decrease, but it is not certain whether 
this does indeed represent a deviation from the above-mentioned constancy 
or is due to experimental error, 

This effect is all the more interesting in that 3% of Vistanex causes a 
greater increase in viscosity than does a like amount of carbon. On this 
basis the Vistanex perturbs the fluid flow lines to a greater extent than does 
the carbon. Referring the plastic viscosity to the Vistanex solution viscosity 
effectively treats the latter as the ‘fluid medium” in which the carbon is 
‘dispersed. 


IV. CoNncuusIons 


1. A question has been raised as to whether the total surface area of 
carbon black, or like materials, as determined by gas adsorption is dis- 
played in suspensions, particularly with respect to macromolecular ad- 
sorption. The surface available in suspension may very well depend on 
the method of dispersion. If so, the extent of adsorption of macromolecules 
from solution will depend on the experimental procedure. We plan, using 
better defined systems, to examine this point by direct adsorption measure- 
- ments, over a variety of dispersion methods. 

2. The yield stress of a carbon black suspension in petroleum oil is 
markedly dependent on the concentration and molecular weight of macro- 
molecules present. This effect cannot be explained as due merely to that of 
changes in medium viscosity. It is proposed that a structure reinforcement 
occurs because of the binding of carbon particles by adsorbed polymer 
molecules. There may be an analogy here to the reinforcing action of carbon 
in rubber. 

3. The plastic viscosity, referred to the viscosity of the polymer-oil as 
“dispersing medium,” remains substantially constant, independent of poly- 
mer concentration or molecular weight over the range investigated. 
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SUMMARY 


Calculations based on additivity of the London-van der Waals’ dispersion forces 
show that for particles of colloidal dimensions the total attractive energy is of the 
same order of magnitude as thermal energies when the mean diameter (v¥, where v 
is the volume) is of the order of magnitude of the particle separation, regardless of 
whether the particles are ball-, rod-, or plate-shaped. At smaller separations the order 
of attractive energies is plates > rectangular rods > cylinders > spheres. At separa- 
tions such that V ~ 10 kT the attraction between spheres varies nearly as r~, but for 
rods and cylinders it varies approximately 7? and for platelets 77’. 

Likewise, (for rods) parallel orientation is greatly favored over perpendicular 
orientation at small separations, and (for rectangular rods) orientation with the 
largest faces opposite each other is favored. These differences diminish as the particle 
separation increases but remain important so long as the van der Waals’ attraction 
_itself is of the order of kT or larger. 


Although the essential features of the London-van der Waals’ forces of 
interaction of colloidal particles are widely recognized, actual calculations 
appear to have been made only for spherical particles and parallel plates 
whose area is large compared to their separation (8). The result of Dube 
and Das Gupta (1) for disclike particles does not appear to be useful, be- 
cause the limitation of infinite thinness for the discs in the beginning of the 
calculation means that the limiting formula for ‘‘small” distances can be 
valid only for distances large compared to the disc thickness. In fact, for 
parallel discs perpendicular to the line of centers they find an inverse 
fourth-power law, which is similar to that found for platelike particles 
when their separation is large compared to their thickness (5). One factor 
contributing to the lack of calculations for various shapes of particles is 
the intractability of the pertinent integral 


2 Gd dv; dv» 
Y= - ibe Cerne [1] 


1 Guggenheim Fellow at the University of Utrecht. 
Permanent address (after September 1, 1954): Department of Chemistry, Uni- 


versity of Southern California, Los Angeles, Calif. 


451 


452 MARJORIE J. VOLD 


ra 


te 


ty 


Y, \o, |_|We I |%, 


W, x 


/b eC 


Fig. 1. Nomenclature and co-ordinate system. The two particles A and B are 
parallel but otherwise unrestricted in relative positions. The origin is always located 
so as to bisect the shortest distance between them which may be between corners as 
in Fig. la or sides as in Fig. 1b. In the calculations at least one dimension of each 
particle has been assumed large compared to the others and to the separation. More- 
over, the explicit formulas are given for identical particles whose ends (cross section 
t, w) lie in the same plane. Figure 1c shows the relative orientation which has not been 
successfully treated. 


where V is the total attractive energy, v; and vz are the volumes of particles 
containing g atoms per unit volume whose London constant is \, and r 
is the distance between a point in one particle and a point in the other. 

However, explicit integration of [1] can be carried out for rectangular 
rods so oriented that the edges are parallel to the z, y, or z axes of a cartesian 
co-ordinate system, and the resulting attractive energy expressed as a 
function of the Hamaker constant, 7g’d, the dimensions of the particles, 
and d, the smallest distance between them, provided the rods are long com- 
pared to their cross section and their separation. Such a shape is more 
nearly representative of the actual shape of many real particles (soap fibers 
in both aqueous gels and greases, linear polymers in extended configurations, 
rod-shaped protein molecules, etc.) than either of the previously treated 
cases. 

Figure 1 shows two such rectangular particles, the co-ordinate system, 
and the nomenclature in terms of which Eq. [1] can be written 
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Two of the six integrations can be performed at once, leading to the 
result: 
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where k? = (x — u)? + (y — v)*. Further progress requires insertion of the 
limiting values of (g — w). From Fig. la for identical particles whose ends 
lie in the same plane, (zg — w) = 0 or +/ so that 


a iif ik dx dy du dv Ee BORE 5+ 2 tan ; |. [2a] 


Further progress appears to present difficulties unless an expansion be made 
in powers of R/1l < 1, which leads to 


y= — 2 [fff ax duay co] oe — 2 ee do Se ie eee | es 


OR? eS (Qn + 5) Pat 


The second term here is smaller than the first by a factor of 4R/37l, and 
the third is smaller than the second by 44(R/1)*. Now Rmax. is of the order 
of (w? + # + d?)/?, where w is the width, ¢ the thickness, and d the separa- 
tion of the particles. It follows that calculations based on only the first 
term are valid for particles of mean diameter small compared to their 
length and separated by distances which are also small compared to their 
length. Although the calculations of the present paper are based only on 
this term, the second and higher terms could be included without real 
difficulty whenever either experimental data or further theoretical develop- 
ments justify the labor involved. 
Keeping only the first term, the next two quadratures lead to 


iy ae ~rL I dy dv[2(x — u)”? + (y — »)"] 13] 
Oe Oey) ae eu) 

in which limiting values of (x — wu) are still to be inserted. These will 

depend upon the mutual orientation of the particles about their long axes. 

When (x — u) = 0 the form taken by Eq. [3] is 
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with (« — u) = k very large 


—— [4c] 
DALY ery)? 
Formulas for the total potential for various orientations can now be 
written down by inserting the appropriate limits in Eqs. [4]. For the particle 
orientation illustrated in Fig. 1b the formula is 
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For small values of the separation this formula yields 
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where for convenience p = d sin 6 and q = d cos 0. For large distances 
this has the same limit as Eq. [5] but for small distances the limit is 
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ae rg Al 
24d cos? 6 sin? 6° 


[6a] 
Finally, the interaction energy for two rods crossed perpendicularly with 


flat sides parallel to each other can be obtained by choosing g = + in 
[2] with w = +w/2 and u = +» in [3] withz = +w/2. This gives 
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Formulas [5] through [7] permit discussion of the mutual attraction as a 
function of particle separation and particle orientation, but the restriction 
on the length of the particles must not be forgotten. 


Particle Orientation 


Three cases have been considered: (1) the relative attractive energies 
between two ribbon-like particles as a function of whether their wide 
surfaces face each other (w > ¢) or narrow surfaces face each other (w < #); 
(2) the relative attractive energies between two symmetrical rods (w = ?) 
as a function of whether their flat sides face each other or their diagonals 
face each other (6 = 45° in Kq. [6]); and (8) the relative attractive energies 
for perpendicular or parallel orientation of the rods. 
It can be seen from formula [5b] that for ribbon-like particles of constant 
cross section (w, ¢) the attraction at large distances is independent of the 
orientation of the particles about their long axes. For small distances 
formula [5a] shows that the attraction is greater for wide sides facing each 
other, directly in the ratio of w to ¢. Intermediate cases can be visualized 
more easily by numerical examples than by algebraic manipulation of Eq. 
- [5]. Figure 2, curve A shows the ratio of V., (attractive energy for wide sides 

facing each other) to V; (narrow sides) for a ratio w/t = 10 as a function 
of a distance parameter o = (d?/wt)"/*. It can be seen that there is a strong 
preference for orientation with wide sides facing each other which persists 
out to quite large distances. 

Comparison of formula [5a] with formula [6a] for @ = 45° shows that at 
small distances the attractive energy for parallel rather than diagonal 
orientation is larger by a factor of w/2d (w/2d > 1 for the validity of these 
formulas). Figure 2, curve B, which was calculated using Eqs. [5] and [6] 
(with w = t, 6 = 45°) shows V, (parallel orientation) / Va (diagonal 
orientation) as a function of the distance parameter d/w. It can be seen 
that V, is very much larger, even for substantial distances. A somewhat 
more interesting case, in which the diagonal of one particle cross section is 
parallel to the edge of the second, can not be easily derived from Eq. [la]. 

Comparison of formula [5a] with [7] shows that parallelism of the rods 
_ along their length is favored over perpendicular orientation by a factor 
of 1/w at small distances. Estimates of the rate at which this preference 
diminishes are not, as in the previous cases, independent of just how long 
the “infinitely long” particles assumed in the derivation are actually taken 
to be. Figure 2, curve C, which was calculated for a length/width ratio of 
20, shows that this preference persists up to a particle separation appre- 
ciably larger than the rod diameter. 


Particle Separation 


The total van der Waals’ attraction between spheres depends only on 
the ratio of the separation to the diameter of the sphere. For large plate- 
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lets or long rods, this is no longer true. The formula for thin platelets can 
be put in the form 


Av s sa 2s” ) ‘ [3] 
Ve eae (1 aah | eee 


where the parameter s = d/t, A = 7°, and v is the volume of the plates. 
The ratio v/t? can be looked on as an asymmetry factor. Hamaker’s for- 


Ly 
1e) 


Relative Attractive Energy 
~ Ny 
oO .@) 


a 
2 / 
-(4/wt) 2 
Fig. 2. Relative attractive energy between rod-shaped particles as a function of 
separation for various orientations. A. V,,/V; for laths for which w/t = 10. B. V,/V4 
for rods of square cross section with V, corresponding to Fig. 1b and Va to Fig. la. 
C.V,/V_, for rods of square cross section with V, corresponding to long rods parallel 
and V, to long rods crossed perpendicularly, calculated for a length/width ratio of 
20. All curves must approach unity for large enough co, but V itself is no longer im- 


portant when o becomes as large as 2 or 3 where the orientation still produces dif- 
ferences of factors of 5 to 10. 


mula for equal spheres and Eq. [5] of this paper for rods of square cross 
section, in a similar form are 
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Fie. 3. f(s) for various particle shapes. In every case the van der Waals’ attraction 
can be expressed as a limiting law multiplied by a factor approaching unity at small 
distances, and decreasing rapidly at large distances, see Eqs. [8]-{11]. Curve As 
platelets. Curve B, rods of square cross section oriented as in Fig. 1b. Curve C, rod- 
of square cross section oriented as in Fig. la. This orientation is regarded as approxi, 
mating the effect expected for cylindrical particles. Curve D, spheres. 


Even though the discussion of orientation shows that the rods are more 
likely to be oriented in such a way as to make Eq. [5] rather than Eq. [6] 
applicable, Eq. [6] has been cast in the same form and included in the cal- 
culations on the grounds that it may represent a fair approximation to the 
behavior of cylindrical particles. For this case 


— =A Lt #4 Val + +2)" 
oF SE g¢+t2 s4+1 2 s(s + 2) 
_ Va + +) VF +1) +6 +2") Ly 
s(s + 1)? (s + 1)%(s + 2)? if 
where ¢ is now the diameter of the “cylinder” and s = d/t. The four func- 
tions of the closely related parameters (s) in formulas [8]-[11] have been 
plotted in Fig. 3, which is quite useful for further calculations. 

The relative attractive energies of particles of equal volume at the same 
distance of closest approach is dependent upon just how large are the “‘in- 
finite” platelets of formula [8] or how long are the “‘infinite”’ rods of for- 
mulas [10] and [11]. However, at small separations, when the functions of 
s-are nearly unity, the attraction between the anisometric particles is 
always larger than for spherical particles of equal volume, because the 
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Fra. 4. Van der Waals’ attractive energy between colloidal particles of the same 
volume but different shapes. Curve A, plates with an edge/thickness ratio of 800. 
B and B’, rods of square cross section with length/width ratios of 28 and 316, respec- 
tively. Curve C, “‘cylinders”’ of length/diameter ratio of 28, i.e., rods of square cross 
section oriented as in Fig. la with length/diagonal ratio of 28. Curve D, spheres. 
Line H, V = kT for A = 38 X 10° and kT = 4 X 10-4. Units: The ordinate is log 
24V/A where V is the mutual van der Waals’ energy in ergs and A is Hamaker’s 
constant. The abscissa (on a logarithmic scale) is the dimensionless ratio of the 
separation d to the cube root of the volume v. The dotted lines of varying slope show 
how V is varying with separation. For example, curve A is parallel to the line of 
slope —2 at very small separations, slope —3 ato = 0.05, and slope —4 at V = kT. 


thickness ¢ is always less than the diameter of the equivalent sphere and 
occurs in an inverse power. This result is seen to be plausible since, at a 
given distance of closest approach, a far higher proportion of the total 
number of atoms in the particles of a flat plate or rod are at or near this 
separation than is the case with spherical particles. 

The order of magnitude of the differences is indicated by Fig. 4, which 
shows the course of the attractive energy as a function of a separation 
variable (d/v'/*) keeping v constant. The platelets were taken to have an 
edge/thickness ratio of 800, which is a not unreasonable approximation 
for bentonite particles, while the rods were taken to have a length/thick- 
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ness ratio of 28, which is reasonable for soap fibers, as estimated from elec- 
tron micrographs. An additional curve is plotted for much more asym- 
metric rods (1/t = 316). 

All the curves tend to convergence as the separation increases, as indeed 
they must, for at very large distances all must eventually approach the 
inverse sixth-power law valid for atoms. The important observation is that 
this convergence brings the attractive energies to the same rough order of 
magnitude, independent of shape and orientation, when the separation ap- 
proaches v'*, This observation is, of course, dependent upon arbitrary 
choices of particle asymmetry, and curve A of Fig. 4 calculated for ex- 
tremely asymmetric rods illustrates the point that for such cases the at- 
tractive energy is of shorter range. However, the choices made are reason- 
able approximations to the shapes encountered in real systems. 

Recently (4) considerable attention has been given to the possible im- 
portance for coagulation phenomena of a so-called “secondary” minimum 
in the total potential energy curve for two particles at fairly large separa- 
tions. It is not possible to make great progress in considering such minima 
for anisometric particles without a knowledge of the accompanying repul- 
sive interactions. However, for such a minimum to have appreciable depth, 
V attr, ust be of the order of at least 10 k7' and perhaps larger. For attrac- 
tive energies of this order of magnitude the form of the dependence of 
attractive energy on separation is quite different for different particle 
shapes, being steepest for platelets and most gradual for spheres, with 
rods and cylinders occupying an intermediate position. It follows that the 
- depth and location of the secondary minimum may be quite dependent 
upon particle shape. 

A second commonly observed phenomenon (2) is that when symmetrical 
particles aggregate to form flocs, the flocs are often asymmetric, like beads 
on a string. But the van der Waals’ interaction between asymmetric par- 
ticles is such that they tend on approach to orient themselves to build a 
more symmetrical double particle, so that it seems unlikely that the ex- 
planation of chain building by aggregation of isometric particles is to be 
found in the attractive term. 
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ABSTRACT 


With the oestroscope technique of Scott-Blair (1) solutions of pure potassium 
hyaluronate have been shown to give a well-defined elastic recoil. Recoil and vis- 
cosity were measured at several concentrations, and maximum recoil was found with 
a 0.25% solution. The stable and well-defined solutions are well suited to examine 
the phenomena of flow elasticity and elastic recoil, and some preliminary results 
are reported. 

The common raw materials of hyaluronate, human umbilical cord extract and 
bovine synovial fluid, were also tested and showed elastic recoil, which disappeared 
on incubation with testicular hyaluronidase. 

A model is proposed which ascribes the elasticity to cross-linking and the flow 
to the fact that the cross-links are the fairly labile hydrogen bonds. 


INTRODUCTION 


Hyaluronic acid according to our present knowledge is a straight-chain 
polymer (2, 3) of a disaccharide derivative composed of N-acetylglu- 
cosamine and glucuronic acid. It is found in the connective tissue and in 
several physiological and pathological secretions (the vitreous body of the 
eye (4), the synovial fluid (5), the endolymph of the inner ear (6), the 
contents of pseudo-mucinous ovarian cysts (7), etc.), and it is considered 
of great importance to many physiological and medical problems, to 
which rheological properties may be relevant. Being in possession of a 
sample of very pure (umbilical) potassium hyaluronate of high molecular 
weight (500,000) (8), we found it of interest to investigate whether its 
rather viscous solutions had any elasticity, and whether a possible elasticity 


of the raw materials were connected specifically to their contents of 
hyaluronic acid. 


EXPERIMENTAL 


Flow elasticity was detected by means of a 1.6-mm. bore capillary tube, 
graduated in millimeters, provided with a side hole, and placed in hori- 
zontal position. The liquid was sucked up to 100 mm. with an attached 
syringe and re-expelled to 70 mm., the hole being closed by a finger. 
Excess liquid was wiped off at the free end and the pressure released 
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through the hole. Recoil of the liquid was measured in millimeters and 
taken as indication and measure of flow elasticity. This technique was 
applied by Scott-Blair (1) to detect oestrus in cows through the recoil of 
cervical mucus, hence the name oestroscope. 

Harlier applications of the oestroscope have implied only rather qualita- 
tive investigations on animal secretions. Working with the well-defined 
solutions of our pure hyaluronate, we found easily reproducible results, 
when the tube was kept clean and degreased. The dependence of the recoil 
on concentration was investigated, and also the dependence on the time 
in which the column was kept at 70 mm. before being released. The column 
was kept at 100 mm. for 1 min. in the last-mentioned experiments, but 
for the more concentrated solutions, this was possibly too short an interval 
to give maximum recoil. The measurements should not be taken, therefore, 
as quantitative information on the decay of the structure, but they give 
an idea of the order of magnitude of the relaxation times involved in the 
structural ‘“‘memory”’ of the liquids. 

The viscosities were measured in a modified Ostwald-Sprengler vis- 
cometer at 20°C. as in reference 9. The reported relative viscosities should 
be understood as apparent values, calculated from measurements with 
the same viscometer, neglecting nonNewtonian behavior. 


RESULTS wiTtH PURE SOLUTIONS 


_ The results of the recoil and viscosity measurements appear from 
Fig. 1. The nonlinearity of the apparent relative viscosity indicates strong 
interaction between solute molecules (‘‘cross-linking,” see below). Maxi- 
mum recoil is obtained when the viscosity is 30 to 50 times that of pure 
water. 

The recoiling movement is by no means instantaneous, as appears 
from the pointed curve in Fig. 2, and the recoil value can first be read 


after 3 to 5 min. 


10/N 
15 150 
E 
£ 10 100 
S 
5 50 
0 0.2 0.4 0.6 0.8 1.0 


Per cent hyaluronate 


Fria. 1. Recoil on instant release after 30 mm. displacement and relative viscos- 
ity at 20°C. versus concentration in grams potassium hyaluronate per 100 ml. 
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Fic. 2. Recoiling movement of meniscus after instant release (30 mm. displace- 
ment, 0.25% solution) and recoil at various concentrations as function of delay in 
release in minutes. 

Fre. 3. Recoil as function of displacement (0.15% solution of Leo sample). 


The decay of that internal structure, which must be responsible for the 
tendency to recoil, was investigated through delaying the release an 
increasing number of minutes. Results are also plotted in Fig. 2 and show 
a peculiar shift from a very rapid decay in the beginning to a very long 
persistence in the last half or so of the recoil. 

We suspected this to be due to a difference in behavior towards smaller 
and larger displacements. The supplies of our high-molecular preparation 
being exhausted, the measurements plotted in Fig. 3 were carried out on a — 
0.15 % solution of a sample prepared after Jeanloz and Forchielli (10) and 
kindly presented to us by A/B Leo, Halsingborg (Dr. B. Hégberg). The 
molecules of this sample were probably shorter, and it gave a lower viscosity 
and larger recoil values than our sample. It turned out that displacements 
up to about 8 mm. are restored to practically 100%, whereas over this 
limit the recoil increases less than the displacement. In the 10 to 20 mm. 
region results were less reproducible than usual, probably because they 
were more sensitive to variations in the velocity impressed during the 
displacement. Delaying the release, we found that the recoil from a 5 mm. 
displacement decreased less than 30% with 10 min. delay, while a 15 mm. 
displacement gave only 4.5 mm. recoil at 1 min. delay against about 11 
mm. at instant release, indicating an even quicker initial decay than 
appears from the results with our own sample in Fig. 2. 


RESULTS witH SECRETIONS AND EXTRACTS 


Various fluids, known or suspected to contain hyaluronic acid, were 
examined and gave recoil as expected. Dilution caused in some cases an 
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increase of the recoil, and incubation with hyaluronidase in all cases gave 
fluids of low viscosity and without any detectable recoil. 


Umbilical Cord Extract. Twenty-five cords were stored 6 to 7 weeks under acetone, 
chopped, and extracted with 500 ml. of physiological saline for 4 days at room tem- 
perature. Recoil of the extract was 14.0 mm; when diluted to double volume, 11.4 
mm.; and to four volumes, 8.4 mm. 

Umbilical Cord Mucin was precipitated from this extract with one vol.-% acetic 
acid. Nitrogen content 4.9 % (potassium hyaluronate 3.36 %, protein 16 to 17 %). 
A “saturated’”’ solution of this mucin in M/20 NasHPO, gave a recoil of 8.4 mm., 
diluted to double volume 12.8 mm., to four volumes, 13.9 mm., and to eight volumes, 
11.1 mm. 

Bovine Synovial Fluid. Native fluid gave 7.9 mm. recoil, diluted to two volumes, 
3.9 mm., to three volumes, 2.3 mm., and to five volumes, 1.9 mm. 

Bovine Synovial Mucin was prepared according to Ropes et al. (11). Recoils of 
solutions in M/20 NasHPO, were: 


0.4 Oz, 0.1 0.05 0.025 0.013 % mucin 
3.8 5.0 5.1 6.0 3.5 0 mm. recoil 
The Contents of a Pseudomucinous Ovarian Cyst gave a recoil of 17.4 mm. 


TENTATIVE Mopeu or Firow ELASTIcITy 


To prove a detailed model of the elastic liquids would need a detailed 

study of hydrodynamic properties under a great variety of conditions. We 
will attempt here only to sketch how the phenomenon can be understood 
in the light of our present knowledge of rubber elasticity and of the 
structure of hyaluronic acid. 
_ It is well known how the linear hydrocarbon chains in vulcanized rubber 
with their side chains and sulfur cross-links give the characteristic rubbes 
elasticity. In hyaluronic acid we have long linear polysaccharide chainr 
with carboxyl groups and acetylated amino groups as side chains. Both 
kinds of groups as well as the hydroxyl groups in the chain will be able 
to provide cross-linking between the coiled chains through hydrogen bond 
formation. The same groups presumably cause strong hydration of the 
hyaluronate ion. The low specific density, 1.16(12), indicates a spacious 
(“icelike’’?) configuration of the bound water molecules. 

Hyaluronate ions, presumably, adhere to the glass wall and form a 
three-dimensional lacework all through the liquid. The elastic recoil is 
brought about by a readjustment of the distorted lacework. The ability 
to flow is connected to the ease with which hydrogen bonds are broken or 
rearranged. A valence-bond cross-linking would lead to the formation of 
gels with no flow-ability. The formerly reported (13) gelatination by 
copper ions can with great probability be ascribed to cross-linking through 
complex-formation between copper ions and pairs of acetyl-amino groups 
from different chains. The concentration of acetyl-amino groups was about 
2.5-10- and gelatination was observed with cupric ion concentrations 
between 10-4 and 3-10-* mole per liter. 
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The possibility of forming permanent peptide-bond cross-links through 
deacetylation of amino groups and condensation with carboxylic groups 
may be of significance to the function of hyaluronic acid in physiological 
and pathological processes. 

Any structure depending on hydrogen bonds and preserving the 
“memory” of past events must eventually be destroyed through thermal 
rearrangement. It is not surprising that the decay does not in general 
follow the laws of a first-order reaction, because the more strained loops, 
which can contribute most to the recoil, will have a greater probability of 
being broken up. The comparatively very long persistence of the small 
““nerfect’’ recoils seems to indicate that the elastic free energy at small 
displacements is established through making the configuration less favorable 
with respect to the repulsion between the electric charges on the COO- 
groups or with respect to thermal movements of the side chains (entropy- 
elasticity), but without straining the hydrogen bonds. Strained hydrogen 
bonds appear, then, first at greater displacements, as we approach the 
yield value and the recoil per cent value begins to fall. 

Scott-Blair et al. (1), working with secretions, report recoil value con- 
siderably lower than 100% and that the per cent values are practically 
independent of the length of displacement. This difference from our results 
can probably be explained by a viscous flow of solvent through the loops 
in the hyaluronate lacework. The protein content in the secretions may 
very well cause a considerable friction in this flow and hence even at small 
displacements a loss of energy which is greater than in our system. Increase 
in hyaluronate concentration over the optimum value leads to decreased — 
recoil for similar reasons, because the loops through which the water moves 
get more narrow. 


CoNCLUSION 


It seems likely that the rheological behavior of hyaluronate solutions 
depends on several parameters in a somewhat complicated way. The 
reported results indicate that it ought to be possible to sort them out and 
to correlate them with a fairly simple model of the molecular structure. 
We hope later to pursue this work with a new sample of high molecular 
hyaluronate and with a more refined experimental technique, involving, 
say, control of temperature and of evaporation from the ends. 
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INTRODUCTION 


We (12) have recently shown that the reduced viscosity, msp/C, vs. con- 
centration relationship of sodium carboxy methyl cellulose (Na-CMC) 
in pure water changes, with increasing the molecular weight (keeping the 
degree of etherification nearly constant), from type (a), in which 7,,/C 
initially increases sharply with polymer concentration, C’, reaches a maxi- 
mum, and then decreases steadily, to type (b), in which 75,)/C increases 
steadily with increasing C, exhibiting a rather wide plateau region. The 
former type of behavior, except for the rapid fall of 7,,/C at extremely low 
concentrations, had been observed in a number of cases by previous in- 
vestigators, but as regards the latter type we have not yet much informa- 
tion. 

The purpose of the present paper is to show that the (b) type of behavior | 
can be obtained for other polyelectrolyte of a high enough molecular 
weight and to explore the effect of an added salt thereon. The polyelec- 
trolyte investigated was a sodium salt of polyacrylic acid having a vis- 
cosity-average degree of polymerization of about 1.9 X 104. This polymer 
salt was chosen in part because of its larger flexibility in contrast to the 
stiffer nature of Na-CMC investigated previously, and in part because 
details of the viscosity behavior are well known in a lower molecular weight 
sample (14). 


MaTERIALS AND METHODS 


The sample of sodium polyacrylate (Na-PAA) was kindly supplied us 
by Professor M. Nagasawa (Department of Applied Chemistry, Faculty 
of Engineering, Nagoya University) as a crude aqueous solution of ap- 
proximately 35% concentration. After dilution to about 1% concentration, 
the solution was filtered through fine sintered-glass filters to remove dust 
particles. The polymer was then precipitated by addition of alcoholic 
NaOH and separated by decantation. It was then washed repeatedly with 
a mixture of methanol and water (80/20 by volume) and finally with ace- 
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tone until no excess NaOH could be detected with phenolphthalein as 
indicator. This process was repeated twice for completeness. The precipi- 
tate was finally air-dried under reduced pressure at room temperature to 
remove the volatiles. The master solution for the viscometry was pre- 
pared at about 0.1 % concentration by dissolving a weighed amount of the 
dry product in doubly distilled water. All test solutions were derived by 
diluting this volumetrically within the viscometer. The concentrations of 
the test solutions were calculated, assuming no volume change on dilution, 
from the concentration of the master solution, which was determined, as 
usual, by careful evaporation of a weighed portion. Sodium chloride which 
had been purified by recrystallization of a high-grade product was used to 
study the effects produced by the addition of a simple salt. 

The degree of neutralization of the polymer salt (i.e., number of Na- 
atoms carried per monomer unit) was determined by electroconductometric 
titration, giving the value of 98.1%. 

The average degree of polymerization or molecular weight of the sample 
was determined by converting the polymer salt to polyethyl acrylate, for 
which the viscosity-molecular weight relationship had been established 
by Sumitomo and Hachihama (19). An approximate degree of polymeriza- 
tion of 1.9 < 104 was found for the converted polyacrylic ester. The cor- 
responding molecular weight of the polymer salt was then calculated to 
be about 1.8 X 10°. In comparison with the PAA sample used by Marko- 
vitz and Kimball (14), our sample was considerably higher in molecular 
weight, thus being suitable for the present purpose of exploring the viscos- 
ity behavior of a higher molecular weight polyelectrolyte in dilute solu- 
tions. 

Two Ubbelohde-type viscometers (suspending level) having flow times 
of water at 30°C. of about 150 sec. were used. Such relatively short flow 
times of solvent were needed because it had been found in preliminary 
trials that the relative viscosity of the sample in pure water was extremely 
large even at as low a concentration as about 0.05%. All measurements 
were made in a double-layer constant temperature bath at 30.000 + 
0.003°C. As shown recently by Flory and his co-workers (9), this tempera- 
ture is equal to the Flory temperature (8), ©, for polyacrylic acid. The 
efflux time was measured with a stopwatch reading to an accuracy of 
0.05 sec. Flow times were usually measured at least in duplicate, except for 
solutions of very low ionic strengths (<0.0005 mole/I.), where duplicate 
measurements were often discarded because of the extremely long flow 
times encountered. The reservoirs of the viscometers had been designed 
to hold approximately 40 ml. of liquid without disturbing the suspended 
level. This design made it possible to perform successive dilutions within 
the viscometer. When the capacity of the reservoir was reached, an aliquot 
of the solution was transferred to another viscometer and the measurements 
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were continued. In this manner, an entire concentration range to be investi- 
gated was covered with a single master solution. In order to obtain repro- 
ducible data it was necessary to effect complete mixing of the solution in 
the reservoir of the viscometer, not only immediately after diluent was 
introduced but also when repeating the measurement at a given concentra- 
tion. This was done by blowing air gently into the viscometer through a 
concentrated aqueous NaOH. The kinetic energy correction could be 
neglected within the accuracy of the present experiments. The drainage 
error was assumed to be negligible. The correction for shear-rate effects 
was also ignored, although there is no doubt that the viscosity behavior 
of such highly viscous solutions as were investigated here should pro- 
nouncedly be affected by the velocity gradient of capillary flow (1, 11). 


RESULTS AND DISCUSSION 


The results of viscosity measurements on dilute aqueous solutions of 
Na-PAA of molecular weight 1.8 X 10° at different concentrations of NaCl 
are shown graphically in Figs. 1 and 2, where C is the polymer concentra- 
tion in grams per 100 ml. solution and z is the added salt concentration in 
moles per liter of solution. To avoid confusion, curves for high ionic 
strengths are specifically plotted in Fig. 2 with a magnified scale of the 
ordinate, wherein the curve for x = 3 moles/1. coincides almost completely 
with the curve for 2 = 2 moles/I. It is seen from the figures that the re- 
duced viscosity varies over a very wide range when the added salt content 
is diminished from 3 to 0 mole/I. at a fixed polymer concentration; for 
example, at C = 0.05 g./100 ml., the variation is about 140-fold. It may be | 
noted that such an enormous change in 7,,/C was not observed in our pre- 
vious work on Na-CMC (11). 

It is first noted from Fig. 1 that the viscosity curve in pure water solu- 
tions (x = 0) initially rises very steeply and almost linearly with increasing 
C and then levels off at concentrations higher than about 0.03 g./100 ml. 
Neither an indication for the appearance of a maximum point nor a tend- 
ency for 7s»/C to decrease steadily with increasing C can be observed 
within the concentration range examined. The type of behavior herein 
observed for a high molecular weight Na-PAA is entirely of the same na- 
ture as that which we observed previously with high molecular weight 
samples of Na-CMC (12). Aside from the difference in absolute value of 
Nsp/C, the only difference to be pointed out between these two cases is the 
concentration at which the curve begins to level off. Whereas in the pres- 
ent case such concentration is about 0.03 g./100 ml., in the previous case 
it is smaller than 0.01 g./100 ml. in either of the samples studied. As 
mentioned in the Introduction, the reduced viscosity of polyelectrolytes 
in solutions containing no added salts has been found in a number of cases 
to increase markedly with decreasing concentration. Specifically, such 
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Fig. 1. Reduced viscosity curves of Na-PAA (sodium polyacrylate) in aqueous 
media of different ionic strengths. x is the concentration of added NaCl in moles per 
liter. 


observations for sodium salts of polyacrylic acid were made by Markovitz 
and Kimball (14), and others. However, the molecular weights of the 
Na-PAA samples treated by these previous workers are much lower than 
that of the one used in this investigation, and no experimental information 
is yet available in the literature showing the steady increase of 75»/C upon 
dilution for a Na-PAA sample having a molecular weight as high as that 
of the present sample. We may thus conclude, for the moment, that the 
viscosity behavior of Na-PAA also changes its type from (a) to (b) as the 
molecular weight is increased, in conformity with our previous observation 
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Fig. 2. Reduced viscosity curves of Na-PAA in aqueous media of high ionic strengths. 


on Na-CMC. In the course of this study, we became aware of similar re- 
sults obtained by Butler and his school with samples of partially neutral- 
ized polymethyl methacrylate. Butler (6) reported, at the Uppsala Sym- 
posium on Macromolecules in 1953, that a sample of polymethacrylic acid 
of molecular weight of about 2 X 10° gave a reduced viscosity increasing 
with the concentration (type (b) mentioned above), whereas a sample witha 
lower molecular weight 2 X 10° showed values increasing at low concentra- 
tions to a maximum (type (a)). This observation is undoubtedly in line with 
those made by us for other polyelectrolytes. The reason why the change 
in type of viscosity behavior of a polyelectrolyte in salt-free solution occurs 
with change in molecular weight has not yet been elucidated, but it has 
been discussed qualitatively (12) on the basis of electrostatic interactions 
between polyions and between polyions and their counter-ions, in con- 
junction with the folding-chain theory of Fuoss and others. 

It has been shown for various polyelectrolyte systems that the reduced 
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Fig. 3. Intrinsic viscosity, [y], plotted against the reciprocal root of ionic strength, 
z, of the medium. 


viscosities in solutions of low ionic strengths go through a maximum at a 
polymer concentration where the equivalence of the polyelectrolyte is of 
the same order of magnitude as that of the added salt, and a plausible in- 
terpretation of this phenomenon has been presented (15) in terms of the 
combination of the folding-chain effect and the normal concentration effect. 
According to it, the addition of some amount of simple salt is necessary 
to produce the maximum of reduced viscosity. However, this condition 
does not always obtain, because, as has recently been demonstrated in 
several cases (12, 2, 4, 5, 7), the maximum of »,,/C is obtained in salt-free 
solutions. That the addition of simple salt is not always the sufficient con- 
dition to bring about the maximum of »,,/C may be realized from the data 
plotted in Fig. 1, where no indication for the appearance of a maximum 
can be observed at any concentration of NaCl studied. The only effect of 
the addition of NaCl was in reducing pronouncedly the viscosity of the 
solution. 

The intrinsic viscosities, [n], obtained by extrapolating graphically the 
curves of Figs. 1 and 2 to infinite dilution, are plotted in Fig. 3 against the 
reciprocal root of the ionic strength, x, of the medium. In Fig. 4, the be- 
havior at very low ionic strengths is shown on a linear plot. The method 
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Fig. 4. Intrinsic viscosities at lower ionic strengths. 


1.0 


Fria. 5. Huggins’ constant, k’, plotted against the reciprocal root of ionic strength, z. 


of extrapolation employed here is different from the “isoionic”’ method of 
Pals and Hermans (15). It is easily shown from the data of Fig. 1 that in 
this case the isoionic dilution method fails to give a family of straight 
lines between 7.,/C and C, in contrast to the cases of Na-CMC and sodium 
pectinate (11, 15). This is probably due to the high charge density and 
high molecular weight of our polyelectrolyte. 

The Huggins slope constants, k’, calculated from the initial slopes of the 
curves of Figs. 1 and 2, are plotted in Fig. 5 against (1000 z)-/?. It should 
be noted that evaluation of the Huggins constant is generally less reliable 
than that of the intrinsic viscosity, especially for viscosity curves having 
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Fria. 6. Intrinsic viscosities at higher ionic strengths. 


a limited linear part, as is the case with our curves at low ionic strengths. 
The k’ curve obtained is seen to follow an interesting course. The curve 
may be extrapolated to k’ = 0.6 at the limit of very high ionic strength. 
On decreasing the ionic strength (i.e., on increasing (1000 x)-"/”), the curve 
falls off sharply, reaches a minimum at a (1000 x)—/? value of about 0.07, 
and rises slowly to tend to a k’ value of about 0.85 at the limit of zero ionic 
strength. The k’ value at the minimum is about 0.33. It is interesting to 
note that this value is in conformity with the values commonly observed 
for neutral flexible polymers in good solvents. From the k’ behavior ob- 
tained we may infer the configurational change of the Na-PAA molecule 
as produced by the change in the ionic strength of the medium. 

We assume that experimentally observed k’ values are contributed 
by two factors, one of which is the normal hydrodynamic intermolecular 
interference, as has recently been discussed in detail by Simha (17, 18), 
Saito (16), and Brinkman (8); and the other of which is the electrostatic 
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interactions between polyions and between polyions and their counter- 
ions. The latter factor is, of course, characteristic of polyelectrolytes only. 
Denote the contribution of the hydrodynamic factor by ky’ and that of the 
electric factor by kz’. Then, we have 


k’ —— lew’ + | de 


At low ionic strengths, the values of kz’ are small because the polymer 
molecule assumes an elongated shape, while the values of kz’ are probably 
considerable because the molecule is highly ionized. As a result, rather 
high k’ values would be obtained experimentally at low ionic strengths. 
On increasing the ionic strength, the polyelectrolyte molecule coils, losing 
asymmetry, and ky’ increases. At the same time, a marked decrease in the 
degree of ionization should occur, which results in a reduction of the kz’ 
value. When the latter effect predominates over the former, k’ values de- 
creasing with increasing ionic strength should be observed. This is just the 
case encountered in this experiment. At higher ionic strengths, the con- 
tribution of the electric factor is practically masked by the normal hydro- 
dynamic contribution. At this stage, the polymer molecule would be in a 
randomly but still rather loosely coiled configuration, since the molecule 
is still ionized to some extent so that some space is open for intramolecular 
electrostatic forces to expand the coil. Such a configuration of the poly- 
electrolyte molecule may be compared to that of uncharged flexible poly- 
mers in good solvents. Consequently, it is expected that k’ values at 
moderately high ionic strengths will be in a range from about 0.3 to 0.35, 
which is typical for uncharged flexible polymers in good solvents. This is 
well borne out by our experimental data. As the ionic strength is in- 
creased further, the counter-ions are more and more absorbed into the 
coil to suppress the ionization; this in turn causes the molecule to coil up 
more and more tightly. This hypercoiling is possible only for polyelectro- 
lytes having flexible chains, as is the case with the polymer used in this 
investigation. With increase in hypercoiling, the molecule behaves as a 
hard sphere in the sense that its permeability to the flow of solvent is dimin- 
ished owing to the increasing average density of the chain elements. One 
may be tempted to suppose that such a configurational change of a poly- 
electrolyte molecule as well as the accompanying change in the permeability 
to solvent flow resembles closely those appearing when an uncharged flex- 
ible polymer in a good solvent is transferred into a poor solvent. It is now 
generally accepted that k’ values for uncharged flexible polymers in poor 
solvents are larger than in good solvents. Simha (17, 18), Brinkman (38), 
and others have shown theoretically that the k’ value of the uncharged 
hard sphere is of the order of 0.7. It is expected, therefore, that k’ values 
for our Na-PAA increase again with increasing ionic strength, after passing 
through a minimum with k’ = 0.3 ~ 0.35, to this theoretical value at the 
limit of very high ionic strength. This expectation is also well confirmed 
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by the experimental data presented. In this manner, the general trend of 
the k’ curve for our Na-PAA sample may be explained qualitatively. 

Finally, we remark that, in the cellulosic polyelectrolytes as investigated 
previously (11, 15), the k’ values became linear against the reciprocal of 
the added salt concentration over the range studied, and no indication 
for the minimum could be observed. The absence of the minimum in those 
polymers may, according to the above interpretation, be ascribed to the 
stiff nature of their chains which does not allow the molecule to coil up 
tightly even at high ionic strength. 


CALCULATIONS OF THE MoLEecULAR DIMENSIONS 


We first attempt to calculate the dimensions of the molecule at suffi- 
ciently high ionic strength on the basis of the method of Pals and Hermans 
(15), which was successfully applied for Na-CMC and for sodium pecti- 
nate (11, 15). To this end we must first find a linear part on the experimen- 
tally obtained [n] vs. (x)—'/? curve in the region of sufficiently high values 
of x. This linear part may be taken as shown in Fig. 3 by the broken line. 
To confirm this a magnified graph of the [ny] vs. (x)—!/? curve in the neigh- 
borhood of the origin is given in Fig. 6. Here, the straight-line relationship 
is evident, except in the region of (1000 x)!” below about 0.07. According 
to the theory of Hermans and Overbeek (13) of polyelectrolyte molecules 
in dilute solutions, on which the method of Pals and Hermans (15) is 
based, the [n] vs. (x)~!/? curve should deviate slightly above the straight 

- line in the vicinity of the origin, in contrast to the present data. The reason 
for the discrepancy encountered may be inferred as follows: 
The theory of Hermans and Overbeek assumes the molecule to be com- 
- pletely permeable to the flow of solvent at any state of coiling (hence, at 
any ionic strength of the medium). This assumption may hold with good 
approximation for polymers having stiff chains or for polyions in media 
of not so high ionic strength. However, as found in the preceding section 
through the behavior of the Huggins constant, the polyelectrolyte under 
consideration becomes impermeable to the flow of solvent as a result of 
hypercoiling when the added salt concentration becomes sufficiently large, 
thus violating the assumption of Hermans and Overbeek’s theory. It can 
be shown generally that for a polymer coil of a given molecular weight in a 
given solvent the intrinsic viscosity calculated assuming no penetration of 
the solvent is smaller than that for the completely permeable coil. There- 
fore, it is expected that the experimental [n] vs. (x)~'” curve for our poly- 
electrolyte would be gradually deviated downward from the theoretical 
curve derived on the permeable molecular model, beyond the ionic strength 
where the coil ceases to be completely penetrable. The experimental curve 
well conforms to this consideration. In agreement with the prediction, the 
x value at which the [n] vs. (z)—/? begins to deviate from the straight line 
is nearly equal to the x value corresponding to the minimum point in the 
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k’ curve. The curve of Fig. 6 appears to level off in the region of very high 
ionic strength, yielding an [n] value of 1.95 at the limit. This leveling off of 
[n] may be an indication that the molecule attains the limit of hypercoiling 
at this order of ionic strength. 

Based on the straight line settled in this way, the analysis was carried 
out in accordance with the procedure as described by Pals and Hermans 
(15). The effective bond length, b, obtained is 


b = 22 A. 


The end-to-end distance, h, and the effective radius, R, of the coil at high 
ionic strengths of the solution are calculated, respectively, to be 


h = 3040 A., 

R = 1610 A. 
The fully extended length of the molecule, Z, is 

L = 47,000 A. 


Comparison of these values of h and L indicates that the degree of coiling 
in our Na-PAA molecule at high ionic strengths is sufficiently large, in 
harmony with the flexible nature of the molecular chain. Howeyer, if, as 
has been discussed above, the molecular configuration of our polyelectro- 
lyte in solutions of moderately high ionic strengths resembles those of 
uncharged flexible polymers in good solvents, the b value obtained appears 
to be too large. In fact, this b value leads to as large a value as about 200 A. 
for the length of a statistical segment in Kuhn’s sense. The usual lengths 
of the statistical segment of vinyl polymers derived from various measure- 
ments are of the order of 20 to 40 A. Although this large difference may in 
part be due to the fact that the character of Na-PAA is still considerably 
polyelectrolytic even at high ionic strengths, it appears that it cannot be 
satisfactorily accounted for solely by this effect. 
Next, we use the Flory-Fox equation (8): 


nah (Coss 
co 


which relates the end-to-end distance, h, of an uncharged coil to its molec- 
ular weight, M, and intrinsic viscosity [n]. In this equation, @ is a universal 
constant of the order of 2.1 X 10”. The above equation with this value 
may be strictly applied only for completely impermeable coils. Accord- 
ingly, in order to apply this equation to our data, the value at the limit of 
very high ionic strength must be inserted for [n]. Simple calculations give 


h = 1200 A., 
R = 540 A., 
b =87A. 
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This 6 value leads to a length of 38 A. for the statistical segment, which 
is a reasonable value for vinyl polymers as noted above. Thus, it proves 
that, so far as the present data are concerned, the Flory-Fox theory is 
preferable to the Hermans-Overbeek theory to determine the molecular 
dimensions. 
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SUMMARY 


Dilute solution viscosity data were obtained for a 98.1% neutralized 
sodium salt of polyacrylic acid having a viscosity-average degree of poly- 
merization of about 1.9 < 10‘, over a wide range of added salt (NaCl) 
concentrations. It was found that: 

1. The shape of the 7,,/C curve in pure water is of an entirely different 
type from that expected from the folding-chain theory of Fuoss and others, 
but is essentially similar to that which we observed with sodium carboxy 
methyl] celluloses of high degrees of polymerization. The curve increases 
steadily with increasing C, exhibiting a rather wide plateau region. 

2. A marked decrease of the reduced viscosity is brought about by the 
addition of NaCl, but no indication for the appearance of a maximum in 
Nsp/C is observed for the added salt concentration ranges studied. 

3. With increasing ionic strength of the medium, the Huggins con- 
stant, starting with a value of about 0.6, initially decreases, reaches a 
minimum with a value of about 0.33, increases again, and tends to 0.85 
at the limit of zero ionic strength. This behavior is discussed in connection 
with the change in degree of coiling of the polyelectrolyte molecule as 
caused by the change in the ionic strength. In particular, the behavior at 
sufficiently high ionic strengths is interpreted as a result of hypercoiling of 
the molecule. 

4, The application of the method of Pals and Hermans to our data leads 
to too high a value for the length of a statistical segment in Kuhn’s sense. 
In contrast to this, the Flory-Fox equation, when applied at the limit of 
very high ionic strength, gives a very reasonable value for this length, 
being about 38 A. 
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INTRODUCTION 


Dynamic mechanical properties in the lower audio-frequency range, 
carried through the transition from rubberlike to glasslike consistency, 
have been previously reported from this laboratory for polyisobutylene 
(1) and polystyrene (2). Similar measurements on polyvinyl acetate are 
now presented. The extensive dielectric measurements of Mead and Fuoss 
(3) on this polymer permit a comparison of mechanical and electrical re- 
laxation distributions and their temperature dependence. 


MATERIALS AND MrEtuops 


The polyvinyl acetate was an unfractionated sample of grade AYAX, 
lot 1232, furnished through the kindness of Mr. A. K. Doolittle of Carbide 
and Carbon Chemicals Company. Its intrinsic viscosity in methyl ethyl 
ketone at 25°C. was 0.96 deciliter per gram, its number-average molecular 
weight 140,000 (4), and its weight-average molecular weight’ 420,000. The 
wide distribution of molecular weights in this sample is probably ac- 
companied by branching. However, this should not have much effect on 
the mechanical properties in the transition region. This polyvinyl acetate 
has been extensively studied in solution (5-8). 

Measurements of the complex shear compliance (J* = J’ — «J”) were 
made with the double transducer of Fitzgerald and Ferry (9). Some minor 
changes in this apparatus had been introduced by Dr. Fitzgerald‘ since 


1 Part XVI of a Series on Mechanical Properties of Substances of High Molecular 
Weight. 

2 Union Carbide and Carbon Fellow in Physical Chemistry, 1952-54. 

3 We are greatly indebted to Dr. E. F. Casassa for determining this value from 
light-scattering measurements in methyl ethyl ketone. Measurements of absolute 
intensity at 45°, 90°, and 135° were made in semioctagonal cells, and the molecular 
weight was corrected for the observed dissymmetry on the basis of polydisperse 
random coils with a polyester type of distribution. The value of dn/de was taken as 
0.0848 ml./g. (private communication from Prof. W. H. Stockmayer). 

4The assistance of Dr. Fitzgerald, now at Pennsylvania State University, in 
supervising maintenance of the apparatus is gratefully acknowledged. We are es- 
pecially indebted also to Mr. Russell Riley and the other mechanicians of the De- 
partment of Chemistry for their co-operation. 


479 


480 M. L. WILLIAMS AND J. D. FERRY 


its original description (9). A new driving tube, with a mass of 31.03 g., 
was constructed without splitting the metal section, and carried coils 1A 
and 2A wound with two layers of No. 36 enameled copper wire, increasing 
the transducer constant K? to 3.47 X 10°. Subsequently, a magnet core of 
smaller diameter was used to provide larger clearance (0.050 in.) between 
it and the driving tube. This change diminished K? to 3.10 X 10° but made 
alignment of the driving tube in the annular gap much less critical. 

Five pairs of disc-shaped samples were employed, three (Nos. 38, 43, 
and 44) molded directly from the granular polymer as supplied by the 
manufacturer, and two from the product obtained by drying from a frozen 
benzene solution. The samples were annealed, after molding, for at least 
18 hr. at 85°C. and in some cases considerably longer. The samples were 
attached to the cylinders of the floating mass by warming the latter to 
about 70°C., and their adhesion to the driving tube was facilitated by blow- 
ing hot dry air into the apparatus. 

Samples 43 had dimensions of 114 in. (diameter) by 349 in. (thickness) 
and, after compression, a sample coefficient (Ai/h: + A2/h2, where the 
A’s and h’s are the respective face areas and thicknesses) of 21.7 cm, at 
25°C. Samples 44,114» in. by 3¥¢ in., had a coefficient of 2.98 cm. Values 
of J’ and J” measured on these two pairs agreed where the measurements 
overlapped (64.9°C. and 69,8°C.). Samples 29, also 1145 in. by 3%@ in., 
had a nominal sample coefficient of 2.76, but it was necessary to apply 
an empirical correction of 35% to bring the values of J’ and J” into agree- 
ment with those measured for the other samples; this was attributed to 
an obvious incomplete attachment of the inner surface of each of the-pair 
to the driving tube. Samples 32 and 38 had nominal sample coefficients 
of 4.90 and 30.3, respectively; values of J” calculated from the latter 
agreed with the other data, but the values for samples 32 were corrected 
by a bulging correction of 25% (in principle calculable from measurements 
of bulging (9), but in practice determined empirically). Because of ex- 
perimental difficulties, the data for these last two pairs of samples are less 
extensive than for the others. 

Sample coefficients at temperatures other than 25°C. were calculated, 
as usual, from the thermal expansion coefficient, 0.57 X 10-% deg. (10), 
assuming that the sample thickness remained constant. 


RESULTS 


Values of J’ and J” at temperatures from 50°C. to 90°C. are shown as 
double logarithmic plots against frequency (from 30 to 5100 cycles/sec.) 
in Figs. 1 and 2. Where data on different samples were taken at the same 
frequencies and temperatures, the values have been averaged. Complete 
numerical data are recorded elsewhere (11). Over this range of temper- 
atures and frequencies, J’ varies from 10-*-7, characteristic of a rubbery 
solid, to 10~", characteristic of a hard glass; J” varies from 10-7: to 10-107, 
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Fie. 1. Variation of the real part of the dynamic shear compliance, J’, with fre- 
quency for polyvinyl acetate AYAX at nine temperatures as indicated. 


For application of the method of reduced variables, double logarithmic 
plots of J’, = J’[Tp/T op. + (J ./J")(1 — Tp/Topo)] and J” = J” (Tp/T opo) 
were prepared. Here p and py are the densities at the absolute temperature 
of measurement, 7’, and a standard temperature, 7, chosen as 348°K. 
The limiting high-frequency compliance, J,,, was estimated to be 1.0 X 1071? 
em.?/dyne. Values of log a7, the reduction factor expressing the change of 
all retardation times with temperature, were obtained from these plots, and 
those from J’, and J”, were in good agreement; they are listed in Table I. 

Reduced double logarithmic plots of J’, and J”, against war (where w 
is the circular frequency) are shown in Figs. 3 and 4; the data at all temper- 
atures and frequencies superpose well, indicating that the assumption of 
equal temperature dependence of all retardation times holds for this polymer 
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Fre. 2. Variation of the imaginary part of the dynamic shear compliance, J”, 
with frequency for polyvinyl acetate AYAX at nine temperatures as indicated. 


as it does for numerous other systems investigated in the transition from 
rubberlike to glasslike consistency (1, 2, 12). The composite curves repre- 
sent J’, and J”, over an extended frequency range at 75°C. From these 
curves, the components of the complex rigidity, G’, and G”», and the real 
part of the complex viscosity, ’,, have been calculated and are plotted 
logarithmically in Fig. 5, also reduced, of course, to 75°C. The shapes of 
all these curves are similar to those of polymers previously investigated, 
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4 3S 
LOG Wd, 
Fig. 3. Real part of the complex compliance reduced to 75°C., plotted logarithmi- 
cally against reduced frequency. Temperature key same as in Figs. 1 and 2. 


although the dispersion is somewhat sharper than in polystyrene (2) and 
considerably sharper than in polyisobutylene (1); the maxima in the loss 
tangents (G”/G’ = J”/J') for these three polymers are 3.55, 2.75, and 1.65, 
respectively. 


TREATMENT OF DiIBLEcTRIC DATA 


For comparison with the dispersion of mechanical properties, the dielec- 
tric data of Mead and Fuoss (3) may be subjected to a similar reduction 
treatment to provide the components of the complex dielectric constant 
over an extended frequency range. The method previously used for di- 
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Fie. 4. Imaginary part of the complex compliance reduced to 75°C., plotted loga- 
rithmically against reduced frequency. Temperature key same as in Figs. 1 and 2. 


electric data of polyvinyl chloride compositions (11)—identical with the 
reduction formulas for J’ and J” except for the interchange of p and pp— 
turns out to be inapplicable in this case because ¢, the low-frequency 
limiting value of ¢’, falls with increasing temperature faster than propor- 
tional to p/T. (This fact led, for example, to values of dipole moment 
calculated by Mead and Fuoss which decreased substantially with increas- 
ing temperature.) For the present purpose, the temperature dependence 
of €o will be circumvented by normalizing both components of e+ at each 
temperature, using as variables (¢’ — «,,)/(€) — €,,) and e”/(é9 — €»). The 
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TABLE I 


Reduction Factors 


Mechanical Electrical 
Log b7 
Temp., °C. Log a7 AYAX 1232 Temp., °C. 

Gelva 60 Gelva 15 
49.9 3.12 40 4.86 
54.9 2.34 45 4.06 3.85 
59.8 1.64 48 3.50 3.31 
64.9 1.02 51 2.99 2.85 
69.8 0.50 54 2.49 2.40 
74.7 0.02 57 2.05 1.99 
79.9 —0.39: 60 1.64 1.63 
84.5 —0.75 63 1.28 1.26 
90.0 Sih 66 0.91 0.94 
69 0.59 0.58 
71 0.35 

72 0.29 
75 0.00 0.00 
80 —0.41 —0.42 

85 —0.80 

90 1.19 

95 —1.53 

100 —1.83 

105 —2.08 


value of ¢,, is taken as the square of the refractive index, 2.16 (3); € is taken 
as the limiting value of ¢e’ from 72°C. to 105°C., and at other temperatures, 
where the dispersion data are incomplete, it is extrapolated from a plot of 
€) against temperature, which fits the empirical equation «9 = 8.28 — 
0.039(7 — 348). 

From plots of the above normalized variables against frequency, values 
of log bz, the factor expressing the change of all electrical relaxation times 
with temperature, were obtained, and those from the real and imaginary 
components were found to be in good agreement. Values of log by obtained 
in this way from data for two samples of polyvinyl acetate (Gelva 15, 
intrinsic viscosity in cyclohexanone at 25°C., 4.25, and Gelva 60, intrinsic 
viscosity, 9.25) are given also in Table I, and are plotted together with 
log ar in Fig. 6. There is good agreement in b7 for the two samples, although 
below 55°C. those for Gelva 60 are slightly higher. The values of a, for 
our sample AYAX also agree very well with the others, though its molecu- 
lar weight as judged from intrinsic viscosity is considerably less. Thus the 
expectation that the temperature dependence of relaxation times should 
be scarcely affected by molecular weight, and that a7 and br should be 
identical (12), is confirmed. The observation has also been made by Sack 
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Fria. 5. Real and imaginary parts of the complex shear modulus and real part of 
the complex viscosity, reduced to 25°C., plotted logarithmically against reduced 
frequency. 


et al. (13) that the temperature dependences of mechanical and electrical 
relaxations are identical, although apparently over a temperature range 
where the variation of AH, was not detected. 

Finally, (€’ — ¢,,)/(€o — €,) and e”/(é) — ¢,,) were plotted logarithmically 
against wb, for both the Gelva samples, and in each case data at all fre- 
quencies and temperatures superposed to give a composite curve reduced 
to 75°C. The pair of curves for Gelva 60 are shown in Fig. 7; the others will 
be published elsewhere (14). (The points lying below the ¢’ curve in Fig. 7 
are nearly all from measurements at 10,000 cycles, and perhaps reflect a 
systematic error at this frequency. Values of e” below a reduced frequency 
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Log a, and Log b, 
AH, (Kcal) 


40 60 80 100. 4 
Temperature °C 
Fig. 6. Logarithm of reduction factors a7 and br and the apparent activation 
energy for relaxation plotted against temperature. Key to circles: left black, a7 
from polyvinyl acetate AYAX; right black, pip up, by from Gelva 60; right black, 
pip down, b7 from Gelva 15; top black, AH. from a7; bottom black, from br. 


of 10? are not included, because they are influenced by high temperature 
conductance. ) 


DISTRIBUTION FUNCTIONS 


The mechanical distribution functions, ® dln 7 and L d In 7, represent 
the differential contributions to instantaneous rigidity and steady-state 
compliance, respectively, associated with relaxation and retardation times 
whose logarithms lie between In 7 and In 7 + dln r. The function can 
be calculated from G’ or G”, and L from J’ or J”, by second approximation 
formulas previously given (15). Values thus derived from the data of Figs. 
3 and 4 are listed in Table II and plotted with logarithmic scales in Fig. 8. 
In each case the value derived from the real component (G’ or J’) agrees 
well with that from the imaginary (G” or J”), except at the low end of the 
time scale, where the calculation becomes somewhat uncertain. As in 
previous tests of the second approximation formulas, the agreement be- 
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Fig. 7. Real and imaginary parts of the dielectric constant (data of Mead and 
Fuoss), normalized and reduced to 75°C., plotted logarithmically against reduced 
frequency for Gelva 60. Temperature key: pip left, 45°C. (at highest reduced fre- 
quency); succeeding 45° rotations of pip counterclockwise correspond to 48°, 51°, 
54°, 57°, 60°, 63°, 66°, 69°, 72°, 75°, 80°, 85°, 90°, 95°, 100°, 105°C., ending with pip left 
(at lowest reduced frequency). 


tween real and imaginary sources is better than when the earlier first ap- 
proximation formulas are used. The agreement is an excellent confirma- 
tion of the internal consistency of the experimental data. 

An alternative higher approximation method, given by Schwarzl and 
Staverman (16), provides the following formulas for determining ®, in our 
notation: 


d log G’ 
d log w 


ae [s log G’ d’ log G’ d log G’ (3 log | 
4 | d(log w)® d(log w)? d log w d log w 


_24”"f, [ad log@” | (dlog al 
Tea {1 EE w)? r ¢ log w 
Calculations of @ from these formulas are also given in Table II. Here, 
also, there is good agreement between the values from the real and imagi- 
nary components, and the two approximation methods yield essentially 
equivalent results. Another method of calculation, which is exact but 
laborious to apply, has been described by Roesler and Pearson (17). 

A distribution function of electrical relaxation times can be calculated 
in the same way from ¢’ and e”. Application of our formulas (15) to the 
normalized variables of Fig. 7 yields a normalized distribution function, 
W,; the function W previously calculated for polyvinyl chloride composi- 
tions (12) is ¥,(é9 — «,,). The distribution V,, is also plotted in Fig. 8, and 


P,-1/0 = (7 
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TABLE II 
Relaxation and Retardation Distribution Functions, Reduced to 75°C. 
log ® (relaxation), dyne/cm.2 log L (retardation), 

cm.?/dyne, 

log + W-F Appx.” S-S Appx.? W-F Appx.” 
From G’ From G’” From G’ From G” From J’ From J” 
—1.5 6.14 6.08 6.12 6.05 —7.22 —7.23 
—2.0 6.33 6.33 6.30 6.29 —7.42 —71.37 
—2.5 6.59 6.56 6.57 6.54 —7.60 —7.63 
—3.0 6.84 6.85 6.89 6.81 —8.05 —8.15 
—3.5 7.10 7.22 7.04 7.17 —8.55 —8.54 
—4.0 7.50 (250 (haa'e} 7.60 —9.10 —9.12 
—4.5 8.07 7.96 7.97 8.03 —9..71 —9.52 
—5.0 8.55 8.69 8.86 8.99 —10.00 —9.94 
—5.5 9.08 9.18 9.28 9.31 —10.29 —10517 
—6.0 9.30 9.26 9.44 9.40 —10.52 —10.38 
—6.5 9.18 9.30 9.06 9.38 —10.80 —10.57 
—7.0 9.07 9.21 8.90 9.26 —10.92 —10.77 
—7.5 9.11 9.09 9.01 9.13 —11.17 —10.98 


« Williams and Ferry approximation (15). 
> Schwarzl and Staverman approximation (16). 


shows excellent agreement between real and imaginary sources except just 
at the right of the maximum. 

In comparing L with Y,, it is noted, as for polyvinyl chloride composi- 
tions, that W,, is flatter and its maximum lies at shorter times by several 
powers of ten. The displacement of the time scale would no doubt be further 
enhanced if measurements on the same polymer sample were being com- 
pared; Gelva 60 has about ten times the intrinsic viscosity of AYAX, and 
in accordance with Fuoss’s observations (3, 18) the electrical distribution 
of the latter should lie about one power of ten to the left of that of the 
former. The difference between L and Y,, is attributed, as before (12), pri- 
marily to the fact that the maximum compliance is inversely proportional 
to the number of molecules per unit volume but the maximum polarization 
depends on their mass and is therefore practically independent of molecular 
weight; qualitatively, the short-time contributions are weighted more 
heavily in ¥, than in L. A further complication, of course, may arise from 
the ability of the side-chain dipole in polyvinyl acetate to orient without 
co-operation of the chain backbone. Nevertheless, the identity of ar and 
by suggests that in the region of time scale shown in Fig. 8 the electrical, 
like the mechanical, responses involve largely backbone motions. 


TEMPERATURE DEPENDENCE OF RELAXATIONS 


From the values of a7 and br plotted in Fig. 6, the apparent activation 
energies for mechanical relaxation (or retardation) and electrical relaxation 
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Fig. 8. Distribution functions of mechanical relaxation times (®), mechanical 
retardation times (LZ), and electrical relaxation times (Y,), plotted logarithmically, 
reduced to 75°C. Key to points: top black, calculated from @’p, J’p», or (e’ — «,,)/ 
(eo—e,,); bottom black, from G”p, J”, or «”/(eo — €,)- 


may be calculated by the usual differentiation procedure. These values are 
also plotted in Fig. 6. The activation energy increases from 30 kcal. at 
105°C. to 82 kcal. at 40°C., rising steeply with decreasing temperature as 
the glass transition (28°C.) is approached, as observed in other polymers. 
This behavior, like that of the temperature dependence of steady-flow 
viscosity, reflects primarily changes in a segmental or monomeric friction 
coefficient (19), which involves volume and energy requirements for local 
co-operative motions (19, 20). 
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SUMMARY 


The real and imaginary components of the complex compliance have been 
measured between 30 and 5100 cycles/sec. at nine temperatures between 
50°C. and 90°C. on an unfractionated sample of polyvinyl acetate (MV, = 
140,000, 17,, = 420,000). The results superpose by the method of reduced 
variables to give composite curves covering the transition from rubberlike 
to glasslike consistency as a function of frequency at 75°C. From these, 
the reduced curves for the real and imaginary parts of the complex shear 
modulus, and the real part of the complex viscosity, have been calculated. 
Earlier data of Mead and Fuoss on dielectric dispersion and dielectric 
loss of polyvinyl acetate have been reduced to 75°C. in the same manner, 
and the mechanical and electrical reduction factors are found to be identi- 
cal. The apparent activation energy for mechanical and electrical relaxa- 
tion increases sharply with decreasing temperature, as observed for other 
polymers. Distribution functions of mechanical relaxation and retardation 
_ times, and of electrical relaxation times, have been calculated from both 

real and imaginary components of modulus, compliance, and dielectric 
constant, respectively. The results of the approximation formulas of 
Williams and Ferry and of Schwarzl and Staverman are found to be closely 
similar. The electrical relaxation spectrum is somewhat flatter, and lies 
at shorter times, than the mechanical retardation spectrum. 
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BOOK REVIEWS 


Proceedings of the Second International Congress on Rheology. Edited by 
V.G. W. Harrison. Academic Press Inc., New York 10, N. Y., 1954. 451 pp. Price $10. 

Some 245 members from 15 countries and 50 guests comprised this Congress held 
in Oxford in July, 1953. The aim of the Congress was to cover the extended field of the 
“study of the deformation and flow of matter’’ as widely as possible. The present 
volume reflects that objective. 

The volume opens with the Presidential address, ‘Rheology for Mathematicians,” 
by Sir Geoffrey Taylor, F.R.S., given in a light vein but nonetheless interesting, in- 
formative, and orienting in respect to modern developments. Then follow 55 contribu- 
tions by well-known authors; 47 are in English, 5 in French, and 3 in German; under 
the subheadings of General Lectures, High Polymers, Viscosity and Plasticity, Biol- 
ogy, Oils and Greases. There is a Table of Contents and a Subject Index. An author 
index would have been helpful, especially as an aid in finding the names of the con- 
tributors to the printed discussions which follow the majority of the papers. Aside 
from this omission, one can speak only in high praise of this volume. 

The Congress gives evidence of being well organized; the printed record is one 
which every serious student of Rheology will need on his shelf for ready reference. The 
format of the book is excellent. 

Victor K. La Mur, New York, New York 


Chemistry of the Lanthanons. By R. C. VICKERY, D.Sc., Ph.D. Butterworths 
Scientific Publications, London, and Academic Press, Inc. New York, 1953. viii + 
296 pp. Price $6. 

To produce a complete text on the chemistry of the lanthanides (called lanthanons 
by the author) is indeed a formidable task. The 1928/32 edition of Gmelin’s Handbook 
devoted 1109 pages to the subject. Mellor (1924) covered it in a mere 215 pages. Of 
the new Gmelin volume (1938) only the first part (history and occurrence) has ap- 
peared. It alone takes 122 pages. 

The present monograph is apparently designed to meet the demand until the 
larger handbooks are brought up to date. It covers the subject far more extensively 
than the recent book by Yost, Garner, and Russell, exceeding the latter work more 
than three times in length. The literature is said to have been abstracted through 
December 1951, though many references dating from 1952 and 1953 will be found as 
well. 

About one-half of the book is devoted to analytical methods. The compounds 
occupy nearly one-fifth of the book, and the remainder is divided into chapters deal- 
ing with the history, occurrence, physical properties, and uses of the elements. 

The book contains a wealth of up-to-date information, and being by far the most 
complete treatise written on the subject in recent years, will certainly arouse wide 
interest. It is regrettable that this very praiseworthy effort of an experienced worker 
in the field has not been a complete success. 

Throughout the book, one is constantly disturbed by the author’s partiality. All 
too often does he overlook priority rights, failing to give credit where credit is due. 
References to the work of others are often omitted, so that one easily mistakes the 
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author for the discoverer (e.g., pp. 82, 83, 125, 126, etc.). In many cases, no references 
on the origin of tables and graphs are given. 

One might also disagree with the author’s way of deciding controversial issues, 
such as the existence of bipositive neodymium (pp. 62, 76, 133, 134) or the color of 
CeO, (p. 209). His high esteem for the excellent work of J. K. Marsh, as manifested 
on nearly every page in the book, is quite understandable; however, it should not 
lead to extremes such as the postulation of an untenable mechanism (e.g., p. 1338) for 
the sole purpose of backing an accidental, and possibly erroneous, observation by the 
latter author. 

People who like to separate lanthanides by ion exchange (as is the trend these 
days) will search the subject index in vain. True, the matter is taken up twice in the 
text (pp. 147, 148 being an almost verbatim repetition of p. 82, oddly enough), but 
except for occasional passing remarks, the subject is ignored almost completely. In 
the ‘‘Complete Separational Scheme,” ion exchange is used only in the final purifica- 
tion of the individual elements, the separation having been accomplished by conven- 
tional methods. Statements like: ‘‘James crystallized thulium fractions 15000 times 
before attaining any reasonable purity’’; “. . . after 7 months’ work most of the Dy 
had been separated’’; ‘‘. . . it will require approximately a year to reach this point”’; 
sound like reports of Columbus’ voyage in an age of trans-Atlantic flights. 

Many inaccurate or outmoded statements have found their way into the book (e.g., 
pp. 9, 10, 11, 14, 23, 30, 41, 42, 72, 73, 74, 75, 76, 77, 80, 124, 128, 185, 185, 215, 233, 242). 
Mistakes of this kind are particularly dangerous because of their tendency to per- 
petuate themselves. 

One must hope that these shortcomings will be eliminated in a future edition, and 
that this book, containing the vast fund of the author’s experience, will then be ready 
to fill the long-standing need for a textbook on the lanthanides. ; 

Epwarp A. ALprrovitcu, Urbana, Illinois 


Interscience Manuals. Interscience Publ., Inc., New York, and Interscience 
Publ., Ltd., London, 1952-1954. 

Manual No. 1: Statistical Methods for Chemical Experimentation, by W. L. Gore, 
1952, $3.50. 

Manual No. 2: Fiber Microscopy, by A. N. J. Heyn, 1954, 407 pp. plus 12 plates, 
$5.50. 

Manual No. 3: Chemical Methods in Industrial Hygiene, by F. H. Goldman and M. 
B. Jacobs, 1953, 274 pp. $3.75. 

Manual No. 4: Detergency Evaluation and Testing, by Jay C. Harris, 1954, 210 
pp., $3.75. 

To date four manuals have appeared in this series. They will be of value to readers 
of this Journal interested in special industrial applications. 

The principal feature of the series is the assembling in compact form of laboratory 
procedures which have appeared in a scattered literature. The manual on detergents, 
in particular, brings to light the complex character of the subject, the provisional 
nature of the tests, and the need for more fundamental investigations into the mode 
of action of detergents—a problem which is a primary objective of this Journal. 

Victor K. La Mgr, New York, New York 
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INTRODUCTION 


The foaminess of aqueous solutions of soaps and of suspensions of fine 
solids in these solutions has both theoretical and practical interest. In this 
paper, the results of pneumatic testing of solutions of sodium acetate, 
sodium ”-propionate, and sodium n-butyrate, and of very dilute suspensions 
of 30 my silica particles are presented. 


EXPERIMENTAL 


An apparatus for the pneumatic testing of foaminess was constructed by 
fitting a 500-cc. round-bottomed flask with a tall tube of 34-inch diameter. 


A glass bubbler tube, its open end covered with a cotton gauze, was in- 


stalled directly below the foam tube. The flask was filled with solution to a 
height of 10 cm. above the bubbler, and air was admitted at the rate of 900 
cc./minute. After 30 minutes, seven measurements of the foam height 
(difference in level between the top of the foam and the upper boundary of 
the liquid before frothing) were made at 15-second intervals, and these were 
averaged. The injection of gas was discontinued, and the collapse time (time 
from end of bubbling until only one bubble remains) was recorded. 
When distilled water was used in place of a solution, the foam height was 
6.5 cm. and the collapse time 2.0 seconds. The solutions were always at 
26°-28°C. The materials used included research-grade sodium acetate, 
sodium n-propionate, and sodium n-butyrate from Eimer and Amend 
Company and a nonporous research sample of 30 my nonporous spheroidal 
silica from The Davison Chemical Company. The initial volume of the 
solution was 1000 cc.; when silica was added, its mass was 0.025 g. 


RESULTS 


See Figs. 1 and 2. The foam heights and collapse times of the solutions 
exhibit maxima at characteristic concentrations. These concentrations were 
approximately the same for both the foam height and the collapse time. 
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Foam height, centimeters 


(0) 0.02 004 O06 0.08 O.I0 O12 O14 O16 0.18 0.20 
Concentration, Moles per liter 


Fie. 1. Foam height of solutions. V, sodium n-butyrate; 0, sodium n-propionate; 
A, sodium acetate. Solid symbols, as above, 0.0025% silica added. 


Collapse Time, Seconds 


(9) 002 004 O06 0.08 O10 O12 Ol4 O16 O18 O20 
Concentration, Moles Per Liter 


Kia. 2. Collapse time of solutions. 


This characteristic concentration increased in the order butyrate, pro- 
pionate, acetate; both foam height and collapse time decreased when the 


concentration of the salt was higher than this value, but the decrease was 
most rapid with the lower members of the series. 


FOAMINESS OF AQUEOUS SOLUTIONS 497 


The addition of hydrophilic silica particles to the extent of 0.0025 % of 
the weight of the solution increased the foam height of the solutions, par- 
ticularly at concentrations close to that characteristic of the best foaming 
solid-free solution. It also extended the range of salt concentrations capable 
of substantial foam heights. The effect of solids on the foam stability was 
similar, except that the stability of sodium butyrate solutions more con- 
centrated that 0:035 mole per liter was impaired. 


Discussion 


The relation of foam height and collapse time to salt concentration is of 
the same form as was observed by Burcik (1) with sodium laurate solutions, 
except that the foam heights of sodium acetate and sodium propionate 
solutions are more sensitive to concentration than are those of higher 
molecular weight soaps. It appears that the silica particles are effective in 
improving the foam only in the range of concentrations where the rate of 
change of foam height (or of collapse time) with concentration is substan- 
tial. This range is probably one where surface tension also varies rapidly 
with concentration (1), so that absorption of solute on the dispersed solid 
may be important in explaining this effect. 

Bartsch (2) found that the maximum collapse time of aqueous isoamy] 
alcohol solutions containing finely powdered solids was at a concentration 
near that corresponding to most stable foam without added solids; the 

present work is in harmony with his experience. 
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SUMMARY 


The foaminess of aqueous solutions of sodium acetate, sodium n-pro- 
pionate, and sodium n-butyrate, and of an 0.025% suspension of 30 mu 
silica particles was studied by the pneumatic method. 

Both the maximum foam height and the maximum collapse time of 
solutions of each salt were associated with the same concentration of solute, 
and the addition of silica did not shift this concentration appreciably, but 
did extend the concentration range of good foam height and stability. 
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INTRODUCTION 


Solutions containing a dissolved surface-active agent capable of reducing 
the surface tension of a solvent have a higher concentration in the solution 
surface than in the bulk liquid. When the surface equilibrium is disturbed, 
a finite time is required for the surface-active agent to diffuse to the inter- 
face and re-establish equilibrium. The time rate at which the surface 
tension decreases to its static equilibrium value is determined by a number 
of variables. This rate is a function of the structure and concentration of 
the surface-active agent, the temperature, the pH of the solution when 
the surface-active agent hydrolyzes, and the concentration of added 
electrolytes when the surfactant is ionic (2, 3, 4). 

In the past, evidence has been presented which indicates that the rate of 
surface equilibrium attainment is a factor in foaming and detergency (2, 4). | 
Indeed, this rate should be important in all processes which involve 
surface energies under nonequilibrium conditions, that is, in processes 
where dynamic surface energies, rather than static, equilibrium surface 
energies, are manifest. In view of these concepts, investigations to de- 
termine other variables which affect the rate of surface tension lowering 
are of importance. It will be shown below that certain organic additives 
have the ability to alter the rate of surface tension lowering of sodium 
dodecyl sulfate solutions. The additives tested were dodecanol, dodecanoic 
acid, and decane. The dodecanol and the dodecanoic acid appear to 
associate with the surfactant. The results show that, in so far as the rate 
of surface tension lowering is concerned, these association aggregates 
behave like the acid soaps which form on hydrolysis of an alkali metal 
soap. 

EXPERIMENTAL 
Techniques 


The vibrating jet method was employed in a previously described 
manner (2) to measure the rate of surface tension lowering. This method 
- This investigation is a joint undertaking of The Pennsylvania State University 
Mineral Industries Experiment Station and the Office of Naval Research. 
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is based on the fact that a liquid jet issuing from a noncircular orifice will 
produce a series of standing waves along the jet whose wave length is a 
function of the surface tension. A solution containing a surface-active 
agent produces a jet for which the wave length of successive waves increases 
because. the surface tension of the liquid is decreasing as it moves outward 
from the orifice. From the measured wave lengths and the known velocity 
of the jet, the surface tension can be determined as a function of time. 

In these experiments, which were all conducted at 25°C., a constant 
rate of flow of 83.5 cc./min. was employed. The experimental results 
reported are the averages of at least two separate determinations. The 
mean deviation of these determinations was 1.6 %. 

Static, equilibrium surface tensions were determined with a du Noiiy 
Interfacial Tensiometer. The values reported were corrected by the 
method of Zuidema and Waters (8). 

To determine the effects of organic additives on the rate of surface 
tension lowering, a solution of sodium dodecyl sulfate was prepared and 
divided into several parts. One part was used directly to determine the 
rate of surface tension lowering of the pure surfactants. To each of the 
other parts a certain percentage by weight (based on the weight of sodium 
dodecyl! sulfate in solution) of different organic additives was introduced 
and the solution heated to dissolve the additive. After cooling to 25°C. 
the rate of surface tension lowering was determined. In this way, each 
solution contained the same concentration of sodium dodecyl] sulfate, and 
any differences observed in their behavior can be attributed to the presence 
of the organic additive. 


Materials 


The sodium dodecyl! sulfate was prepared from Eastman White Label 
Lauryl Alcohol (m.p. = 22.2°-22.6°C., Theory = 22.6°C.) by treatment 
with a mixture of acetic and chlorosulfonic acids. Butanol and water were 
added and the acid neutralized with NaHCO; and Na,CO3. The sodium 
dodecyl sulfate was extracted with butanol and the extract boiled to 
precipitate the inorganic salts and then filtered. After chilling, the addition 
of ether precipitated the crude product which was filtered and washed 
with cold ether. The sodium dodecy] sulfate was redissolved in hot butanol 
and recrystallized as before. It was then extracted with ether in a Soxhlet 
extractor for 24 hours. A final recrystallization from ethanol yielded the 
purified sodium dodecyl sulfate (%S = 11.09%, Theory, 11.10%). The 
surface tension versus concentration curve for this material showed no 
minimum. 

The dodecanoic acid used as an additive was purchased from Eimer and 
Amend and used as received (m.p. 41.2°-41.9°C.). 

The 95% n-decane was purchased from Humphrey-Wilkinson, Inc., and 
used as received. 
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Fig. 1. Surface tension versus time for 0.015 N sodium dodecyl] sulfate containing 
organic additives. Temperature 25°C. + no additive, O 7% dodecanol, @ 7% do- 
decanoic acid. Figures beside the curves represent the static surface tension. 


Results 


The effect of dodecyl alcohol on the rate of surface tension lowering of 
0.015 N sodium dodecyl] sulfate at 25°C. is shown in Fig. 1. In this case 
7.0% by weight (based on the weight of the sodium dodecyl sulfate) of 
the alcohol resulted in a decrease of the static surface tension from 37.7 to 
22.1 dynes/cm. Furthermore, the addition of the alcohol decreased the rate 
of surface tension lowering, as is shown by the fact that the solution 
containing only the pure sodium dodecyl sulfate has essentially reached 
its static surface tension value in less than 0.01 second, whereas the tension 
of the solution containing the added alcohol becomes equal to that of the 
pure surfactant after about 0.022 second and is still considerably above its 
static value after 0.03 second. 

Similar results were observed when lauric acid was added to 0.015 N 
sodium dodecyl! sulfate, as shown in the same figure (Fig. 1). In this case 
7.0% by weight of dodecanoic acid was added. These results indicate that 
lauric acid is not as effective as dodecanol in reducing the rate of surface 
tension equilibrium attainment. 

The effect of 7.0% n-decane on the rate of surface tension lowering of 
0.015 N sodium dodecyl sulfate is shown in Fig. 2. Since the rates of 


SURFACE TENSION DYNES/CM 


fe) x0) | 02 .03 


TIME SECONDS 


Fia. 2. Surface tension versus time for 0.015 N sodium dodecy] sulfate containing 
decane. Temperature = 25°C. + no additive, static surface tension = 37.7 dynes/ 
cm., O 7% decane, static surface tension = 38.2 dynes/cm. 


3:5 


SURFACE TENSION DYNES/CM 
aN 
a 


40 
fe) 0! pO 03 


TIME SECONDS 
Fic. 3. Surface tension versus time for 0.005 N sodium dodecy] sulfate containing 
dodecanol. Temperature = 25°C. + no additive, O 7% dodecanol. Figures beside the 
curves represent the static surface tension. 
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surface tension lowering of the two solutions with and without added 
decane are nearly equal, it can be concluded that the hydrocarbon has no 
effect on the rate. It is also noteworthy that the added decane has little 
or no effect on the static surface tension value. The appearance of this 
solution was also different from those containing added dodecanoic acid 
and dodecanol. The latter solutions appeared to be colloidally dispersed, 
but when decane was added some of the hydrocarbon remained undispersed 
as droplets on the solution surface. 

Results with 0.005 N sodium dodecy] sulfate and 0.005 N sodium dodecyl 
sulfate containing 7.0% dodecanol-1 are shown in Fig. 3. Here again the 
solutions were essentially clear and appeared to be colloidally dispersed. 
The effectiveness of added dodecanol in reducing the rate of surface 
tension lowering in this relatively dilute solution is apparent. A qualitative 
test, by the pinacyanole dye method, showed that the 0.005 N solution is 
below the critical micelle concentration, but the solution containing the 
added dodecanol is above the critical. (Critical micelle concentration for 
pure sodium dodecyl sulfate = 0.008 N (5).) 


Discussion 


Other investigators have reported strong interactions in surfaces of 
systems containing a long-chain aleohol and an alkyl sulfate. Brown, 
Thuman, and McBain (1) have shown that these systems exhibit marked 
surface plasticity, and Epstein et al. (5) report that these systems form 
slow-draining foams and single films. The latter investigators have also 
isolated and analyzed several crystalline adducts of sodium alkyl] sulfates 
and long-chain alcohols. Earlier work by Schulman and Rideal (7), using 
their film penetration technique, indicated strong interactions when 
sodium cetyl sulfate was introduced beneath a monolayer of cetyl alcohol. 
They also found that systems which show strong association in surface 
films are likely to form complexes in solution as well. 

The results reported in this paper provide further experimental evidence 
that dodecanol and dodecanoic acid associate with sodium dodecy] sulfate. 
When this association occurs, the more mobile ions of the pure surface- 
active agent are partially replaced by highly surface-active aggregates. 
The increased molecular weight reduces the rate of diffusion and the 
increased surface activity reduces the critical micelle concentration, which 
causes a reduction in the ion concentration. Both of these effects tend to 
reduce the rate of surface tension lowering. It is suggested that this associa- 
tion is the result of hydrogen bond formation between the alcohol or 
carboxyl group and the oxygen atoms in the sulfate group. This accounts 
for the absence of any effect on the rate of surface tension lowering by the 


addition of decane, since hydrogen bond formation would not be possible 
in this case. 
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The behavior of sodium dodecyl sulfate with an organic additive which 
associates is analogous to the behavior of sodium soaps. The acid soap 
formed by hydrolysis of sodium myristate, for example, is analogous to 
the aggregates which form when dodecanol is added to sodium dodecyl 
sulfate. Repression of hydrolysis in sodium myristate solutions by the 
addition of alkali causes an increase in surface tension (6) which is similar 
to the behavior of sodium dodecyl sulfate when the organic additive is 
removed. The effects on the rate of surface tension lowering are also 
analogous. Repression of hydrolysis in sodium myristate solutions results 
in a marked increase in the rate of surface tension lowering while addition 
of free myristic acid results in the formation of more acid soap so that a 
decrease in rate of surface tension lowering is observed (3). This behavior 
is again comparable to the behavior of sodium dodecyl sulfate described 
herein. 


SUMMARY 


1. Addition of dodecanol-1 or dodecanoic acid to solutions of sodium 
dodecyl] sulfate lowers the static surface tension of the solution and causes 
a decrease in the rate of surface tension lowering. 

2. Addition of n-decane to solutions of sodium dodecyl] sulfate does not 
cause these effects. 

3. These results suggest that dodecanol-1 and dodecanoic acid associate 
with the sodium dodecyl sulfate. These association aggregates behave 
~ similarly to acid soaps with regard to their effects on the static and dynamic 
surface tensions. 
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ABSTRACT 


Monolayers of synthetic linear polymers were studied by means of measurements 
of interfacial pressure and potential at air/water and oil/water interfaces. The 
polymers examined were: poly-N-vinyl pyrrolidone, polyvinyl acetate, polyvinyl 
stearate, polymethyl methacrylate, polymethacrylic acid, copolymers of polymeth- 
acrylic acid and diethylaminoethyl vinyl ether, poly-e-caproamide, polyethylene 
terephthalate, and polyacrylonitrile. All the polymers except polyvinyl acetate give 
films of the condensed type at the air/water interface, whereas all the polymers 
except polyethylene terephthalate and polyacrylonitrile give films of the expanded 
type at the oil/water interface. The film of the condensed type gives a constant sur- 
face moment up to a collapse point, and the true molecular weight can be obtained 
from the surface pressure. The film of the expanded type gives a constant surface 
moment at larger areas, but the moment changes at a certain area. In this case, a 
smaller molecular weight than the true one is obtained from the surface pressure. 
The film of the expanded type at the oil/water interface has segments in the main 
chain as a statistical kinetic unit, each consisting of about 48 skeletal atoms, and is 
discussed in the light of the Singer equation of state. The value of surface moment 
is determined chiefly by the orientation of the C=O bond. The behavior of an 
ampholyte was studied by the measurement of interfacial potential. The results 
showed that the amine groups could not be ionized more than about 20 mole per cent 
owing to the strong cohesion between major nonionized carboxyl groups at the air/ 
water interface, but such a restriction was not found at the oil/water interface owing 


to the sufficiently expanded state. The extension of these conclusions to proteins is 
suggested. 


INTRODUCTION 


Surface films of synthetic high polymers were studied systematically 
first by Crisp in 1946 (1, 2). As the constitutions of synthetic high poly- 
mers are not only generally well known but also can be varied as desired, 
they are well suited to an investigation of surface behavior. Furthermore, 
their study may provide a useful key to the behavior of organic substances 
in nature. 

We have carried out for some years a series of studies of synthetic linear 
polymers by means of measurements of interfacial pressure and potential 
at air/water and oil/water interfaces to obtain information on the general 
behavior of linear polymers at interfaces. The copolymers especially gave 
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many interesting results. Although the results for each polymer have been 
published (3, 4, 5, 6, 7, 8), we will discuss the relationships between all 
these results in the present paper. 


EXPERIMENTAL 


The surface pressure and potential of films spread at the air/water in- 
terface were measured simultaneously by the hanging plate method and 
the vibrating electrode method, respectively, using standard techniques. 
The low surface pressure associated with the determination of molecular 
weight was measured by a surface balance of the Langmuir-Adam type (3). 

Films were spread at a petroleum ether (b.p. 100°-140°C.)/water inter- 
face, using a micrometer syringe according to Alexander and Teorell’s 
method (9). Only a film of polyethylene terephthalate was spread at the 
benzene/water interface. The interfacial pressure and potential were 
measured by the ring method (4, 10) and the vibrating electrode method 
(7, 11), respectively. 

Measurements were made at room temperature without any special 
temperature regulation, but the variation of temperature during the de- 
termination of a single curve never exceeded one degree. Distilled water 
was used as the substrate for nonelectrolyte. The pH for the polyelec- 
trolyte was adjusted with hydrochloric acid or sodium hydroxide, and 
measured with pH test paper. Detailed descriptions of apparatus and 
_ procedure were given in the previous papers (3, 4, 7). 

The polymers and the solvents used for spreading are shown in Table I. 


TABLE I 
Principal Polymers Used in the Present Paper 


References 


Polyacrylonitrile 


Abbreviations Polymers Spreading solvents At A/W At O/W 
PVP Poly-N-viny] Water + pyridine 8 8 
pyrrolidone (4/1) 
 PVAc Polyvinyl acetate Benzene 3 4 
PVS Polyvinyl stearate Benzene 3 4 
PMM Polymethyl meth- Benzene 5 5 
acrylate 
Amilan Poly-e-caproamide Water + conc. 4,5 4,5 
H.SO.4 + iso- 
propyl alcohol 
(5/1/4) 
PMA Polymethacrylic acid Water + pyridine 5,6 7 
(4/1) 
PMA-DAV Copolymers of PMA Water + pyridine 6 7 
with diethylamino- (4/1) 
ethyl vinyl ether 
PET Polyethylene Benzene + cresol 8 8 
terephthalate (4/1) 
PAN Dimethylformamide — 5 
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Fig. 1. The surface pressure-area curve of various polymers at the 
air/water interface. 


The abbreviation for each polymer in Table I is used throughout in the 
present paper. The detailed precautions for each polymer are given in the 
references listed in Table I. The compositions of copolymers were evalu- 
ated from the results of elemental analyses. The air/water and oil/water 
interfaces are abbreviated hereafter as A/W and O/W interfaces, respec- 
tively. 


RESULTS 
The interfacial pressure ()-area (A) curves of the nonelectrolytic 
—CHs—CH— 
linear polymers of the type of | (R representing a side 
R n 


chain) at the A/W and O/W interfaces are shown in Figs. 1 and 4, respec- 
tively. In the case of the polyelectrolyte, only the result under the condi- 
tion of no effective charge is shown in these figures. In Fig. 4, kink points 
are shown by arrows. The characteristics of each polymer are described in 
full in the references shown in Table I. The area for copolymers was cal- 
culated as the mean area per vinyl unit from their composition. The sur- 
face moment was calculated from the observed surface potential using 
Helmholtz’s formula in the usual manner (3). 


Discussion 


When we investigate the conditions under which polymers can be 
spread as a monomolecular film at an interface, the interaction between 
polymer and upper or lower phase, chiefly the hydrophility and oleophility 
of the polymer, should be considered first. However, once molecules are 
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‘spread at the interface as the result of a counterbalance between such 
interactions with the phases and the intra- and intermolecular forces, the 
‘state of the film is chiefly determined by the latter. The various factors 
may be classified as follows: the effects of medium include (1) the effect 
of aqueous phase, and (2) the effect of oil phase; and the effects of intra- 
and intermolecular actions include (3) the cohesion between nonpolar 
groups, (4) the steric effect of a side chain, (5) the interaction between 
polar groups, and (6) the interaction between ionized groups. To interpret 
how the state of the film is influenced by these various effects, we shall 
discuss first the behavior of nonelectrolytic linear polymers in Sections A 
and B and then that of polyelectrolytes in Section C. 


A. The Behavior of Nonelectrolytic Polymers at the Air/Water 
Interface 


(a) Surface Pressure. As shown in Fig. 1, most of the linear polymers 
give films of the condensed type. They have a specific limiting area de- 
pending on the nature of the side chain lying at the interface, although 
the main chain is constant (—CH.—CH—). They have a common limit- 


ing area (about 10 A.? per residue) in the case of no side chain lying at 
the interface. The disposition of the side chain, whether at the interface 
or not, is more important with copolymers than with homopolymers. 
That is, the copolymers of vinyl acetate and vinyl stearate (VS), which 
lay their side chains at the interface, give irregular results and have a 
smaller limiting area than that of PVS (3), whereas the PMA-DAV co- 
polymers, which lay no side chain at the interface, give reproducible re- 
sults and have the same limiting area as that of PMA under the condition 
of no effective charge (6). The latter area is also nearly equal to that of 
PAN at the O/W interface, as shown later in Fig. 4. On the other hand, 
PVAc gives a film of the expanded type, but the film of its copolymers 
with VS is considerably condensed even if it contains only 10 mole per 
cent VS (3). It is clear in such a case that the cohesion between nonpolar 
groups makes a film condensed. But, in the case of PMA, the action of 
hydrogen bonds between the nonionized carboxylic groups contributes 
considerably to condensation (6, 25). It will be clear later why the film of 
PV Ac is of the expanded type. 

It has been confirmed by many investigators that the molecular weight 
of high polymers determined from surface pressure at the A/W interface 
agrees satisfactorily with that determined by other methods in the case of 
natural materials such as protein (12). On the other hand, it has been re- 
ported that the monolayer method is unsuitable for some synthetic poly- 
mers such as PVAc (13). We obtained the experimental results shown in 
Table II, that the monolayer method. gives fairly good agreement with 
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TABLE II 
Molecular Weight of PVAc and PVS 
Polymer Sample Molecular weight from 
Surface pressure Viscosity Osmotic pressure 

a 10,000 58 , 820 = 

b 7,020 69 ,350 -—- 
yas c 7,920 110,500 a 

d 9,240 = 110,000 + 5,000 
PVS e 41,000 = 70,000 


the bulk method in the case of PVS, whereas it gives a far smaller result 
than the bulk method in the case of PVAc (3). The reason for the disagree- 
ment with PVAc is as follows. 

The molecule of PVS is considered to behave as a rigid island in the film 
of the condensed type at the A/W interface, because of the strong cohesion 
between the long side chains of the stearyl group (as shown later in Table 
III). In such a case, where one molecule corresponds to one rigid aggre- 
gate, the molecular weight can be determined by the monolayer method, 
and the result agrees satisfactorily with that by other methods. The good 
agreement between the monolayer and bulk methods with proteins is be- 
cause of some rigid structure in the protein, arising from intramolecular 
hydrogen bonding, interaction between polar groups, or other chemical 
bonds. 

On the other hand, the molecule of PVAc is considered to be fairly 
loosely packed and is subject to micro-Brownian motion owing to its 
weak intramolecular cohesion (Table III). Therefore, the film is of the 
expanded type. In such a case, where one molecule corresponds to more 
than one kinetic unit, only the molecular weight of the submolecule is 
determined by the monolayer method, and the result is far smaller than 
the true one, as shown in Table II. 

(b) Surface Moment. The observed value of the surface moment of 
polymers varies with area up to a certain area, shown as Amax in Table 
III. PVP is the extreme example for a small Amax, and does not give a 
reliable surface moment nearly up to its kink point of surface pressure (8). 
The maximum area obtainable for a reliable value is denoted hereafter by 
Amax. When we notice the surface moments in the range of area for reliable 
potentials shown in Fig. 2, they are constant up to the kink point of 
surface pressure except for PVAc. The case of PVS is somewhat different 
because there is no constant region but a continuous linear change. 

In Fig. 3 for Amilan, the surface viscosity, measured by the oscillating 
disc method in our laboratory, also varies up to Amax and rises rapidly 
below Amax (14). It is supposed from these facts that the film of polymer is 
not always compressed uniformly in all parts of a trough, with a moving 
barrier, at areas larger than Amax but that compression becomes uniform 


TABLE III 
Surface Moment and Corresponding Model at the Air/Water Interface 


Amax (A? 
Polymer Model Se apt ee 
Polyvinyl ¢ C* 
alcohol | 
O 40 50 
~ 
H 
CH; 
i 
| PMA? C= 90 65 
O 
| 
H 
C*—CH;—CH;—0* 
meET Ring*—C* C*—Ring* 175 X2 115 
| NK Vi 
| O O 
CH; 
a 
(Oy 
PMM | 250 25 
C CH; 
Paes A 
O 
CH; 
| c 
OF C 280¢ — 
NN 
PVA ; J O O 
, Ce CH; 
x wa 2 
O—C 3404 70 
SN 
O 
C1735 
PVS C= C 280° 55 
SSeS 
O 
Polyocta- @ CH; CisH37 
decyl | 
meth- ce O 
aervlate Nie 4 460 45 
(@ 
| 
O 
“From Ref. 2. 


» In the nonionized state. 
« At 25 A? per residue. 
4 Jn the expanded state. 
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Fig. 2. The surface moment-area curve of various polymers at the 
air/water interface. 
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Fig. 3. The surface pressure, moment, and viscosity of Amilan at the air/water 
interface as the function of area per residue. 


at Amax. Then, the reproducible surface moment and viscosity can be 
obtained at Amax. Therefore, Amax is also the appropriate measure to study 
the surface behavior of polymers, which may be affected not only by the 
specific property of the residue but also by its degree of polymerization. 
Since the polymer molecule has a rigid structure in a film of the condensed 
type, as mentioned above, the form of each residue is unchanged with 
compression. Therefore, they have their surface moment as shown in Figs. 
2 and 3. On the other hand, since the polymer molecule has a loosely packed 
structure in a film of the expanded type, such as PVAc as mentioned 
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above, the form of each residue is transformed to a more packed form 
from a certain area as compression occurs. Therefore, the surface moment 
has a bending point in the curve as shown in the case of PVAc in Figw 2, 
even if a kink point does not appear in the case of surface pressure. This is 
also confirmed by the fact that the area at this bending point for PVAc 
agrees closely with that for the kink point of interfacial pressure for PVS 
shown in Fig. 4. 

In spite of their similar polar groups, the polymers shown in Fig. 2 
have different surface moments, as shown in Table III, in which Crisp’s 
data are also included (2). On the other hand, the bond moments of C=O 
and C—O bonds 2m vacuo are 2.5 and 0.86 D., respectively (15). In the 
light of the moment and the orientation of these polar bonds at the A/W 
interface, the most plausible models consistent with the observed surface 
moments are proposed in Table III, in which the atom of the main chain 
is shown by a star. In these models polyvinyl alcohol, which has no C=O 
bond, has the lowest value, and the polymers which have a C=O bond 
have a higher value with increasing inclination of the C=O. Furthermore, 
the various limiting areas shown in Fig. 1 and the surface properties 
of PVAc mentioned above are also understood in the light of these models 
(5). Therefore, this table would be useful for estimating the inclination of 
the C=O bond for an unknown polymer. 

The interaction between polar groups is a function of the magnitude 
and direction of dipole moment and of the distance between the groups. 
- But these variables at the interfaces cannot be estimated directly from 
_the data in bulk phase owing to the specific orientation at the interfaces. 
Furthermore, the orientation is different even between the A/W and O/W 
interfaces (7, 16). For example, according to Wesson’s Table, the dipole 
moment of all carboxylic acids and their esters is about 1.7 D. (17), while 
they have different surface moments as mentioned above. On the other 
hand, polyacrylate and polymethacrylate show a quite different surface 
behavior (1, 2). The expanding property of PVAc is due not only to the 
short side chain but also to the large distance between polar groups as 
shown in Table III. With PAN the dipoles can approach closely parallel 
to each other because there is no side chain and, in addition, the bond 
moments are large, 3.6 D. (15, 17). Consequently, it cannot be spread at 
the A/W interface, and is spread as a film of the condensed type even at 
the O/W interface, as shown in Fig. 4. 


B. The Behavior of Nonelectrolytic Polymers at the Oul/Water Interface 


Since the effect of cohesion between nonpolar groups is predominant in 
most cases at the A/W interface, we investigated behavior at the O/W 
interface in order to bring out other effects. That is, on dissolving hydro- 
carbon chains in a hydrocarbon phase, the nonpolar main chain can move 
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Fig. 4. The interfacial pressure-area curve of various polymers at the petroleum 
ether/water interface. 


freely at the interface owing to liberation from lateral cohesion. For 
example, whereas the different behavior between PVAc and PVS at the 
A/W interface might be attributed to different cohesion of side chains as 
mentioned above, this cohesion would be eliminated at the O/W interface. 
In fact, both polymers show entirely identical pressure-area curves up to 
2 dynes per cm. at the O/W interface, as shown in Fig. 4. 

In such a case, the Flory-Huggins’ treatment of flexible linear polymers 
in bulk solution may be applied to the behavior at the interface. Singer 
has made the necessary calculation (18), the equation of state at the 
interface being given to a close approximation by: 


= ke x—lgz _ 2Ao - _ Ao 


where 7, A, x, Ao, and z are interfacial pressure, apparent area per residue, 
the degree of polymerization, the actual area occupied by each residue 
(the size of a surface site), and the co-ordination number around a surface 
site, respectively. Since z should be 2 in the case of a rigid molecule, 
Davies defined the increment of z from 2 as surface flexibility (19). His 
results for synthetic polyamino-acid and protein are shown for comparison 
in Table IV. 
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TABLE IV 
n Natom as ge 

Polymer in Eq. [4] in Eq. [5] in Eq. [6] AtO/W At A/W 
PVP> 18.5 37 0.6 3.60 — 
PVAc 19 38 0.5 3.60 2.20 
PVS 19 38 0.5 3.60 2.02 
PMM 237.5 47 0 3.15 — 
Amilan 6.9 48 0 3.75 — 
PMA-DAV< PAB) 5) 47 0 3.75 — 
PMA? 26.5 53 —0.2 3.75 — 
PAN 36.5 73 —0.7 2.05 = 
PET 13 123 .5¢ —5.8 2.02 — 
Polyamino-acid/ — — — 3.33 = 
Human methemoglobin‘ — — — Pal 94 2.015 


¢ At 0.1 dyne per cm. (Ao = 5 A? per skeletal atom). 

’ On -the acidic substrate. 

¢ At pH 5. 

4 At pH 1.6. 

¢ Assumed on the basis of a ring group being equivalent to 3.5 straight chain 
atoms in a. 

‘ From Ref. 20. 


In the limit where A > Ao, Eq. [1] can be rewritten as 


kT b 
TA = ay (1 = aN [2] 
where 
peed (eee) 3] 
2z 


In fact, when we plot the product of 7 and A against the reciprocal of A, 
a curve as shown in Fig. 5 can be obtained. Then, on putting 


UO (Vin = eis [4] 


we can determine the value of n by the extrapolation of such a curve to 
an infinite area. However, this value is far smaller than that at the A/W 
interface as well as the true value of x. For example, the values of and 
x for PVAc are 19 and about 10%, respectively (see Tables II and IV). It 
is concluded from this fact that we must consider a n-mer segment as a 
statistical kinetic unit at the O/W interface instead of x. The values of n 
for various polymers obtained by us are shown in Table IV together with 
the values of Natom, Which is defined as 


Natom = AN, [5] 
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Fre. 5. The product of interfacial pressure (7) and area per residue (A) plotted 
against the reciprocal of A at the petroleum ether/water interface. 


where a is the number of atoms constituting the skeleton of the main 
chain per residue. In this case, the length of this segment can be expressed 
on a universal scale. In respect to a, a question rises how many carbon 
atoms of straight chain might be equivalent to a benzene ring in PET. 
Since it is reported that a benzene ring is equivalent to 3.5 straight-chain 
carbon atoms in the effect on the critical micelle concentration for micelle 
formation (20), we used for convenience this value in Table IV. Flory had 
estimated from the activation energy for viscous flow that there are 
approximately 32 atoms in each segment of flow of polyesters (21). 

Then, when it is assumed in Eq. [1] that there are segments consisting 
Of Natom Skeletal atoms in the very dilute state, and that each skeletal atom 
occupies apparently one-a’th of the area per residue (A) and actually 
5A? as the size of a surface site (Ao), we can obtain the value of z at 0.1 
dyne per cm., as shown in Table IV. If the side chain affects the behavior 
of the main chain, the effect may appear in z. For comparison, the values 
of z for PVAc and PVS at the A/W interface were calculated from the 
data for Table II (3), and are shown together in Table IV. On the other 
hand, to estimate the contribution of a side chain to Matom, we calculate 
the value of a, shown in Table IV, which is defined by 


cies, 
n 


s a, [6] 
on assuming that all segments in the perfectly expanded state should 
have the length of 48 skeletal atoms. Negative values of a, occur with 
larger values of Natom and correspond to the degree of condensation of the 
monolayer. 

On summarizing these results, it is concluded that there is no serious 
effect of the side chain on z in the sufficiently expanded state. In cther 
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words, the above assumptions in our theory are correct for this state. The 
value of a, in this state is also equal to about 0.5 for a massive side chain 
independent of its structure. On the other hand, a low value of z corresponds 
with a negative value of a,. The low value of z for PET is due to the 
complete rigidity of the benzene ring, which is assumed to be equivalent 
to a flexible chain consisting of 3.5 atoms. From the viewpoint of a,, the 


group —c<_S-c— should be considered to be kinetically a rigid 


unit of flexibility equivalent to —0.3 (= 5.5 — 5.8) carbon atoms instead 
of 5.5 (= 3.5 + 2). The behavior of PAN has been already interpreted in 
terms of the strong interaction between polar groups. However, its film 
may be expanded if we can select a suitable solvent having a higher 
dielectric constant, as the oil phase. Proteins show the very condensed 
behavior even at the O/W interface (22), but to some extent are more 
expanded than at the A/W interface (19). This difference is shown in z in 
Table IV. This fact shows, as pointed out already by Davies and also by 
us, that the links holding the native protein in its characteristic configura- 
tion are due not only to cohesion between nonpolar parts, but also, mainly, 
to interaction between polar groups and intramolecular chemical bonds. 
The difference between PVAc and PVS at the A/W interface is also shown 
in Table IV. When we compare them with human methemoglobin at both 
interfaces, on the basis of z, the degree of expansion of PVAc at the A/W 


interface becomes clear. Although Davies’ results are quoted in the same 


table, we must remember the difference between natom and « on comparing 
all values in Table IV. 

Although we have hitherto tried various quantitative interpretations of 
the “expanded” and ‘‘condensed”’ states, surface elasticity seems to be 
also the appropriate measure. Bateman and Chambers defined the quantity 


dar 
aE pace 7 
mA dA 7] 
as surface elasticity (23) and we calculate it at 0.5 dyne per cm., using 
the data in Fig. 4. For a plot of log M versus log Matom, the points lie 


perfectly on a straight line expressed by the equation 


303 [3] 


CLES), Hae 


M= 
as shown in Fig. 6, except for the polymers containing a ring group. How- 
ever, we must bear in mind that the value of M reflects the uncertainty in 

d sae 
the determination of ope When the values of atom for polymers deviating 


from the straight line are calculated by Eq. [8], a ring group in PET and 
PVP becomes equivalent to —1.4 and 0.5 skeletal atom of the main 
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Fic. 6. The log of M at 0.5 dyne per cm. in Eq. [7] plotted against the log of natom 
for various polymers at the oil/water interface. The straight line is expressed by 
Eq. [8]. 


chain respectively. It is concluded that the ring group in a main chain 
should be considered in a different way from the ring group in a side 
chain. 

When the kink points in Fig. 4 are compared with the corresponding 
points in Fig. 1, it is found that a classification can be drawn up in terms 
of vinyl units: that is, (1) polymers which lay no side chain at the interface 
have a kink point at 9 ~ 10 A’, per vinyl unit as mentioned in Section A; 
(2) polymers which lay a side chain, consisting of a chain group alone, at 
the interface have a kink point at about 19 A.? per vinyl unit, which is 
equal to the second kink point of PVP; (3) polymers which lay a ring 
group as the side chain at the interface have a kink point at about 24 A2 
per vinyl unit. However, these values hold for a condensed structure, and 
not always for a structure at a larger area. Therefore, it is easily under- 
stood by comparison with the model of PVAc at the larger area in Table 
III that PVS has a kink point at 38 A. in spite of its being in group II. 
That is, there is a transformation not accompanied with a kink point of 
surface pressure as mentioned in the case of the surface moment of PVAc. 
On the other hand, PVP has a second kink point. The appearance of a 
kink point depends on the degree of hydrophility of the group, which is 
transformed at this point. The degree of hydrophility of a polar group may 
be measured by a study of the adsorption of water on the polymer (24). 
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C. The Effect of Substrate (pH) 


Now, we shall consider the effect of substrate. Although there are 
various problems concerned with some primary or secondary chemical 
reaction, namely, oxidation, hydrolysis, complex formation,, penetration, 
and adsorption, the most fundamental problem for physical chemistry is 
the effect of hydrogen ion and neutral salt in a substrate. Among these, 
only the effect of the pH of the substrate on a polyampholyte, namely, 
the effect of ionization on its surface behavior will be discussed here. 

To make this effect clear, we studied the monolayer of PMA and of the 
copolymers of methacrylic acid with diethylaminoethyl vinyl ether (DAV) 
at the A/W (6) and O/W (7) interfaces. The mole percentage of DAV for 
the copolymers K and L is given in Table V. The surface moment of co- 
polymer L at both interfaces is shown in Fig. 7. When we plot the inter- 
facial moment of all samples in the constant range at the larger area at 
both interfaces against the pH of the substrate, the relationship between 
them becomes as shown in Fig. 8. The trend of PMA in Fig. 8 corresponds 
closely to the change of the ionization and viscosity of its solution with 
pH, which was interpreted in detail by Katchalsky (25). Therefore, the 
surface behavior can also be entirely understood by his interpretation of 
the relationship between the shape of the molecule and the degree of 
ionization in solution. The constant range of interfacial moment corre- 
sponds to the nonionized state, and the range of decreasing moment is due 
to the ionization of carboxylic groups. In the case of copolymers, it is 
considered that their carboxylic groups are in the nonionized state in the 
constant range of interfacial moments, that the degree of ionization of 
DAV groups is not changed in the same range, and that their interfacial 
moments decrease with the ionization of carboxylic groups. The ionization 
of carboxylic groups, which is pronounced even in sample K, is so pre- 
dominant in the high pH range that the interfacial moment becomes 
negative, but we cannot determine its exact magnitude owing to partial 
dissolution into the substrate. Therefore, the points in the negative area in 
Fig. 8 indicate no absolute value but only qualitatively the inversion of 
sign. The molecular interpretation of this behavior was given in detail in 
the previous papers (6, 7). On assuming the perfect ionization of DAV 
groups and the perfect nonionization of carboxylic groups in the constant 
range, the interfacial moments of DAV groups are calculated as shown in 
Table V from the mole percentage of DAV and the interfacial moment of 
nonionized carboxylic groups at the corresponding interface shown in the 
same table. On the other hand, the interfacial moment of CygH3;N (CH3) st 
was reported to be 600 mD. or more and equal at both interfaces (11). 
Therefore, only the value of sample K at the A/W interface in Table V 
might be inconsistent with the above fact, owing to the incorrect assumption 
of the perfect ionization of DAV groups. It is concluded from these facts 
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TABLE V 


The Interfacial Moments of Nonionized Carboxylic Group and Ionized DAV Group in 
PMA and Its Copolymers with DAV at Both Interfaces Estimated from the Data 


in Fig. 8 
Interfacial moment in mD. 2 aw 
ioni i Ionized D. TOU, 
gies » sas Dials perceigasiot Se OR eer tg a eer ame 
K 31 (90) (15) 450 600 
L 20 (90) (15)¢ 600 600 
PMA 0 90 15 == — 


« The assumed value used for the estimation of the DAV group. 


that the DAV groups of both copolymers are perfectly ionized to the 
expanded state at the O/W interface, whereas they cannot be ionized more 
than about 20 mole per cent of total ionizable groups in the condensed 
state at the A/W interface. That is, there exists a certain minimum 
distance to which ionized groups can approach in the condensed state of 
the polyampholyte, owing to the mutual repression of ionization by any 
closer approach. The residual nonionized DAV groups appear to have a 
surface moment of about 90 mD. at the A/W interface. Since such a 
restriction is due to the strong cohesion between nonionized carboxylic 
groups mentioned already, this is not found for PMA owing to the absence 
of such a nonionized opposite component. McBain and Peaker have 
already suggested that the film of stearic acid cannot be much ionized in 
the solid state (26). 

The interfacial moment-area curves of three samples at both interfaces 
converge to about 90 ~ 100 mD. at 10A.? per residue with a few exceptions — 
as shown in Fig. 7. The trend of curves is also understood in the light of 
the above conclusion. As the mutual repression of ionization by the ap- 
proach of already ionized groups takes place with compression, the apparent 
mean interfacial moment per residue decreases and the difference in all 
cases disappears at the collapse point, at which the state of the molecules 
becomes identical with that at the A/W interface. However, the surface 
moment of sample L at pH 4.9 is constant up to the collapse point in Fig. 
7. The reason is that a repression does not take place at this pH, which 
corresponds to the isoelectric point of this polyampholyte. This is also 
concluded from the fact that the value of natom at this pH is identical to 
that of other similar nonelectrolytic linear polymers in Table IV. All the 
conclusions from the results of interfacial moment are perfectly consistent 
with those from the interfacial pressure at both interfaces (6, 7). 

The pH (pH 3.5), from which the interfacial moment of PMA begins 
to decrease at the O/W interface, is lower than that (pH 4.0) at the A/W 
interface in Fig. 8. Furthermore, the change is sharper at the latter than 
at the former because the cohesive force connecting ionizable groups is 
stronger at the latter. 
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Glazer and Dogan investigated the state of ionization of an insoluble 
monolayer by the measurement of maximum surface potential at the A/W 
interface (27). Although they found that the value of pK from their 
surface technique agrees fairly well with that from the measurement in 
bulk solution in the case of proteins, but not in the case of small molecules 
such as stearic acid and octadecylamine, they could not explain the latter 
disagreement satisfactorily. Nevertheless, these facts may be understood 
in the light of our present investigation. That is, the method of maximum 
surface potential is applicable to those compounds that have a constant 
interfacial moment up to a collapse point, owing to a rigid structure. It is 
unsuitable, however, for such compounds as stearic acid, which have a 
varying interfacial moment up to the collapse point, owing to a loosely 
packed structure. For the latter, we must consider the interfacial moment 
at the larger area instead of that at a collapse point as shown in Fig. 8. 
The value of pK from the measurement in bulk solution in such a case 
corresponds to that for an expanded film. 

Some investigators consider that the pH under the interface is different 
from that in bulk solution (28). Nevertheless, the trend in bulk solution 
is almost directly applicable to that at the interface as mentioned above. 
It is because conditions for both cases are identical in respect to the 
atmosphere in the vicinity of the ionizable groups, except for the charac- 
teristic orientation and concentration at the interface. In this case, we 
must of course keep the difference between expanded and condensed films 
in mind. 


SUMMARY 


We now summarize the above discussion according to the classification 
mentioned at the outset. For the effects of medium: 

(1) The most important effect of the aqueous phase is due to hydrogen 
ion and neutral salt; and 

(2) The most important effect of the oil phase is the liberation of the 
cohesive forces between nonpolar parts. For the effects of intra- and inter- 
molecular actions: 

(3) The cohesion between nonpolar groups is predominant in most 
cases at the air/water interface and is absent at the oil/water interface. 

(4) The steric effect of side chains is very effective when they lie at the 
interface. 

(5) The interaction between polar groups is not relieved by the petro- 
leum ether phase, and cannot be estimated directly from the magnitude 
of the dipole moment in the bulk phase alone. 

(6) The interaction between ionized groups should not be considered 
without considering the type of film. 
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ABSTRACT 


The pressure-area and surface potential-area curves for insulin at the air-water 
interface have been determined over a considerable range of subsolution pH and 
ionic strength. The area of first collapse of the protein has been found independent 
of either of these factors, indicating that complete spreading has been achieved over 
the range studied. This area corresponds to the area per residue for a crystalline pro- 
tein in the 6 configuration. The surface pressure is shown to be a minimum at 
the isoelectric point of the protein (pH 5.7), providing a method for determining the 
latter for proteins insoluble at this point. The balance between Coulombic and non- 
Coulombic bonding is considered in an attempt to explain the effects of pH and ionic 
strength on the surface pressure- and surface potential-area curves. The curve of 
pH vs. surface potential at constant area is shown to be analogous to the usual elec- 
trometric titration curves for proteins. 


INTRODUCTION 


During the past 20 years a considerable number of investigations have 
been made on the properties of proteins spread as insoluble films at the air- 
water interface. Although the general characteristics of the surface pres- 
sure-area curves for proteins have been established, considerable disagree- 
ment exists between the results of different workers on the finer details of 
these curves. 

Undoubtedly, many of the earlier results are vitiated because the condi- 
tions under which protein films may be completely spread had not then 
been established. Even now the fundamental investigations of Guastalla 
(1), Joly (2), Dervichian (3), and Bull (4) do not seem to be appreciated, 
and the value of the results in some recent papers is lessened because of 
the poor spreading techniques used. From a review of previous results, it 
is now clear that spreading of a protein film is most easily achieved if drops 
of a dilute protein solution are gently touched against the surface of a 
subsolution of considerably higher surface tension than the spreading solu- 
tion. Spontaneous spreading of the drops occurs and the protein is dispersed 
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over the complete surface of the subsolution. These conditions may be 
realized (a) by lowering the surface tension of the dilute spreading solution, 
or (b) by raising the surface tension of the subsolution. For method (a) 
Dervichian (3) added isoamy] alcohol to the protein solution to the extent 
of 0.2-0.3 %, whereas Stillberg and Teorell (5) have proposed the use of 
60% (by volume) isopropanol solution, 0.5 molar with respect to sodium 
acetate, as a solvent for the protein. Most proteins may be quantitatively 
spread, even on distilled water, from either of these solutions. Method (b) 
has been applied by Bull (4), who used concentrated salt solutions (e.g., 
357% ammonium sulfate) as subsolution, thereby considerably increasing 
its surface tension above that of water. In this way proteins may be com- 
_ pletely spread from distilled water solutions. 

Apart from the question of solvent and subsolution, Joly’s (2) important 
experiments on the effect of the initial surface concentration on the charac- 
teristics of the protein at the surface have also been largely overlooked. 
Joly observed that a protein spread at an initial surface concentration cor- 
responding to a surface pressure greater than a few tenths of a dyne per 
centimeter (type B film) has quite different surface properties from those of 
one spread at lower initial surface concentrations (type A film). The former 
are characterized by a much higher surface viscosity than type A films and 
by the fact that they age with time (indicated by an increase in surface 
pressure at constant area); they cannot be reversibly compressed and 
expanded, nor can they be spread reproducibly. On the other hand, type A 
films seem to be equilibrium films: they show no aging effect, may be 
reproducibly spread, and may be reversibly compressed and expanded up 
to the point where collapse of the film occurs. Clearly, type A films are the 
more useful for examining the finer details of the variation of surface 
properties with surface concentration. 

Little information is available on the effects of pH and ionic strength of 
the subsolution on the characteristics of protein monolayers. A knowledge 
of the second of these factors is particularly important in order to compare 
the results obtained by spreading methods (a) and (6). The present paper 
reports an examination of the effects of these two factors on both surface 
pressure and surface potential as functions of surface concentration for 
insulin spread at the air-water interface. 


EXPERIMENTAL Merruops 


The surface pressures of the protein films were determined with the use of 
a standard Langmuir-Adam type surface balance. This was used as a null 
instrument, and surface pressures could be measured to +0.05 dyne/cm. 
Surface potentials were measured by means of a polonium-tipped air 
electrode, together with a silver-silver chloride reference electrode and a 
valve electrometer similar to that described by Few and Pethica (6). The 
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subsolutions were contained in a shallow Pyrex-glass trough and all meas- 
urements were made at room temperature (18°-20°C.). The balance and 
electrode system were enclosed in a wooden box lined with earthed alumi- 
num foil, the latter providing both an electrostatic shielding system and a 
protection for the liquid-air interface from contamination and draughts. 
The air electrode could be moved over a considerable area of the interface, 
provision being made for the operation of this, together with the compres- 
sion barrier and the torsion balance, from outside the box. 

Two samples of crystalline zinc insulin were used, one supplied by the 
Commonwealth Serum Laboratories, Melbourne, and the other by Boots 
and Co., London. So far as could be ascertained, both samples behaved 
identically at the air-water interface. The insulin was exhaustively dialyzed 
against 0.033 N hydrochloric acid to free it from zine (Oncley and Ellen- 
bogen (7)) to give a stock solution of concentration about 0.1%. Its con- 
centration was determined by the micro-Kjeldahl nitrogen procedure and 
the stock solution diluted tenfold with approximately 0.25% isoamyl 
alcohol solution to give the spreading solution. The insulin films were 
spread using an ‘‘Agla’’ all-glass micrometer syringe and were allowed to 
stand for 10 minutes before compression. 

Because of the profound effect of heavy metal ions on protein monolayers 
observed by Schulman and Dogan (8), all solutions were prepared with 
doubly distilled water, the second time from alkaline permanganate in a 
well-steamed, all-Pyrex-glass still. All salts used were of Analar quality 
and the isoamyl alcohol was redistilled. A glass electrode system was used 
to measure pH values. 


RESULTS 


Curves showing the variation of surface pressure (a) and surface potential 
(AV) with area for insulin spread on subsolutions of ionic strength I'/2 
= 0.01 are plotted in Figs. 1-9. Figures 1, 4, and 8 (pH values 2.1, 5.45, 
and 8.95, respectively) also show z-A and AV-A curves for subsolu- 
tions with the same concentrations of buffer salts, but containing sufficient 
potassium chloride to raise the ionic strength to T/2 = 1. Because of com- 
plicating effects due to interaction, multivalent ions were avoided, the 
buffers used being hydrochloric acid, glycine, borate, and acetate. More- 
over, whenever pH requirements necessitated a change in the buffer anion 
used, measurements were made with the two overlapping buffer systems 
at a common pH. In each case the same results within experimental error 
were obtained with both buffer systems at these points, demonstrating the 
continuity of results obtained over the whole range of pH from 2.1 to 9.7. 
At each point on the compression curve 5 minutes were allowed to elapse 
and any changes in surface pressure and surface potential with time due to 
collapse of the film were noted. The areas at which such changes first oc- 
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Fic. 2. r-A and AV-A curves for insulin films on subsolutions of pH 3.33. 
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Fig. 4. -A and AV-A curves for insulin films on subsolutions of pH 5.45. 
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Fig. 7. r-A and AV-A curves for insulin films on subsolutions of pH 8.34. 
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Fic. 8. r-A and AV-A curves for insulin films on subsolutions of pH 8.95. 
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Fig. 9. r-A and AV-A curves for insulin films on subsolutions of pH 9.70. 


curred (0.79-0.85 m.?/mg.) are indicated by vertical dotted lines on Figs. 
1-9. Qualitative estimates of the surface viscosity of the films were also 
made by gently blowing a few grains of tale sprinkled on the surface. 


Discussion 


It is clear from Figs. 1-9 that, although the 7-A and AV-A curves for 
insulin vary considerably with pH and ionic strength, the point at 
which the first collapse of the film occurs varies only slightly with these 
factors. This point is therefore not characteristic of any inter- or intra- 
molecular interaction due to the ionic charge on the molecule. It is the 
smallest area to which the protein film may be reversibly compressed and 
expanded and is preceded by a sharp rise in surface viscosity.' It is sug- 
gested that at this area a two-dimensional crystallization of the protein 
film occurs and that the molecules, in the 6 form, are in a configuration and 
state of packing similar to that in the bulk phase. 

The area of first collapse (approximately 0.82 m.?/mg.), calculated for a 
mean residue weight of 114 (Tristram (9)), gives an area of about 15.5 A? 
per mean residue. This value corresponds closely with the area of 15.2 A 
calculated using the values for the mean residue repeat distance (3.3 A.) 
and backbone spacing (4.65 A.) obtained by Astbury, Dickinson, and Bailey 
(10) from an X-ray analysis of several proteins in the 8 configuration. 
Furthermore, if we assume that the density of the protein in the monolayer 
is equal to that in the bulk (1.31 g./cm.*), the thickness of the film at the 
point of first collapse is 9.4 A. This value corresponds very closely to the 
X-ray mean side-chain spacing found by Astbury e¢ al. (10). These results 


1 This area also corresponds to the area of minimum compressibility of Bull (4). 
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are further evidence for the correctness of Bull’s hypothesis (4) that pro- 
tein molecules are oriented at the air-water interface in the unfolded, 
8 configuration with their side chains perpendicular to the plane of the 
interface. 

It has frequently been stated in the past (Gorter (11); Glazer and Dogan 
(12)) that complete spreading of proteins does not occur over the whole 
pH range, but only on strongly acid or alkaline subsolutions or on those in 
the vicinity of the isoelectric point of the protein. This was based on the 
shape of the curves of pH vs. the so-called limiting area. However, this 
interpretation is not substantiated by the present results since the collapse 
area is independent of pH, showing that complete spreading occurs, for 
this protein at least, over the whole pH range. The variations in surface 
pressure with pH at this point, or at any other constant area, are more 
likely to be indicative of changes in inter- and intra-molecular interaction 
due to changes in the net charge on the molecule. Thus, it seems preferable 
to compare « and AV values at fixed surface areas rather than at fixed 
surface pressures, as was done by Glazer and Dogan. Moreover, since the 
collapse area does not vary significantly with ionic strength, it is clear that 
complete spreading occurs whether method (a) or (b) above is used. 

Having established that the extent of spreading is independent of the 
ionic strength and pH of the subsolution, we may now consider the 7-A 
and AV-A curves at areas above the collapse area. To consider first the 
influence of pH on the r-A curves at low ionic strength, it is clear from 
Figs. 1-9 that at any particular area the surface pressure increases as the 
pH moves above or below the isoelectric region. This may be ascribed to 
the increased Coulombic repulsion between the molecules as their net 
charge increases. If the surface pressure at constant area is plotted against 
pH as in Fig. 10 (area = 1 m.?/mg.), a curve with a minimum at approxi- 
mately pH 5.7 is obtained. This compares very favorably with the isoelectric 
point of 5.6 obtained recently by Tanford and Epstein (13) from the electro- 
metric titration curve for Zn-free insulin. The surface chemical technique 
should provide, then, a very useful and simple method for the determina- 
tion of the isoelectric points of proteins which are insoluble in this region. 

The influence of pH on the AV-A curves is also very marked. In the 
vicinity of the isoelectric point and at high areas the surface potential 
fluctuates violently as the electrode is moved across the surface of the 
interface. A similar effect has been observed for gliadin films by Cockbain 
and Schulman (14), who suggested that the protein molecules are clustered 
together in discreet “islands” on the surface. It seems likely to us that 
this occurs because the net charge on the molecules in this pH region is so 
low that there is a high probability of their approaching within the distance 
over which hydrogen bonding and van der Waals’ forces may operate to 
stabilize the molecules in clusters. The gaseous film between these clusters 
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Fig. 10. -pH and AV-pH curves for insulin films on subsolutions of ionic strength. 
1/2 = 0.01, together with the electrometric titration curve taken from Tanford and 
Epstein (13). 


will contribute little to the surface potential and, as observed, it is to be 
expected that the surface pressure would be low and the compressibility 
high. As the net charge increases, so the probability of two molecules 
coalescing decreases, in accord with the observation that the surface po- 
tential becomes uniform over the whole interface at higher areas as the pH 
moves away from the isoelectric point. At pH 2.1 the surface potential is 
uniform even at the highest area investigated (2.5 m.?/mg.). The net charge 
is so high at this pH that the protein probably exists as a gaseous film of 
single molecules at the surface, and it is not until the film is considerably 
compressed that molecules approach sufficiently close for hydrogen- and 
van der Waals’-bonding to occur, as a prelude to the two-dimensional 
crystallization of the film. This large Coulombic repulsion explains the 
high collapse pressures at high and low pH. This argument is borne out by 
the qualitative observations on the surface viscosity of the films. It was 
noted that sharp increases in the surface viscosity and gel formation 
occurred at higher areas in the isoelectric region than when the molecule 
had a high net charge. Since gel formation is due to the operation of non- 
Coulombic forces, this is to be expected. At pH 2.1 there was no tendency 
to gel formation until the collapse area was almost reached, owing to the 
high net charge on the molecules. 

Glazer and Dogan (12) have investigated the variation of surface po- 
tential with pH for certain polypeptides and proteins, and have shown that 
it is the contribution of the ionogenic side chains which is pH-dependent. 
They have plotted AV as a function of pH, the former quantity being taken 
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either at fixed surface pressures or at the collapse point. We have already 
shown that constant area is preferable to constant pressure as a basis for 
comparison. Although comparison at the collapse point is in effect a com- 
parison at constant area, in practice it is found that the film is in such a 
gelatinous state at this point that equilibrium values for AV are reached 
only slowly, especially in the isoelectric region. We have therefore con- 
structed the AV-pH curve for insulin shown in Fig. 10, taking AV at an 
area of 1 m.2/mg., considerably above the collapse area. This is of the same 
general shape as the electrometric titration curve for insulin obtained by 
Tanford and Epstein (13), also shown in Fig. 10, and, in contrast to the 
constant pressure curves of Glazer and Dogan, it clearly separates the 
neutralization of the imidazole and a-N Hp groups (pH 6-8) from that of the 
more basic or acidic groups. It is seen that titration of the more basic groups 
is just commencing at the highest pH investigated. It was found impossible 
to obtain reliable values using more alkaline subsolutions with the present 
apparatus, owing to the fast absorption of atmospheric carbon dioxide by 
the large surface of buffer exposed. It is hoped to investigate later the high 
pH region by means of an apparatus from which carbon dioxide is excluded. 

On turning to the effect of ionic strength on the properties of the protein 
film, it is seen from Figs. 1, 4, and 8 that its influence varies according to the 
area of the film and the pH of the subsolution. To consider first areas greater 
than approximately 1.3 m.?/mg., it is seen that at both high and low pH 
the surface pressure at constant area decreases as the ionic strength in- 
creases. At these pH values the protein molecules carry a high net charge, 
and an increase in ionic strength may be expected to decrease the Cou- 
lombic interaction, leading to the low surface pressure observed. On 
the other hand, Figs. 1 and 8 show that at low pH the surface potential 
at constant area decreases, whereas in the alkaline region the surface po- 
tential increases as the ionic strength increases. That is, on the acid side of 
the isoelectric point, addition of salt lowers the surface potential to a value 
it would have at a higher pH at low ionic strength, whereas on the alkaline 
side of the isoelectric point the reverse occurs. This is simply a further ex- 
ample of the well-known phenomenon of increasing salt concentration 
causing protein titration curves to rotate around the isoionic point (see 
Cohn and Edsall (15)) and is additional evidence for the assumption that 
the change in surface potential at constant area with pH reflects, at least 
in part, the dissociation of the various basic and acidic groups on the pro- 
tein molecule. 

In the isoelectric region the increased ionic strength has little effect on 
the surface pressure at high areas. This is to be expected since the net 
charge on the protein is very low. Closer inspection of Fig. 4 reveals that 
there is actually a very slight but significant increase in surface pressure on 
addition of salt. The explanation for this effect is clearer when we consider 


PROPERTIES OF INSULIN FILMS 533 


the considerably more marked influence of ionic strength on the surface 
potential. Here we find that a high areas, AV is now uniform over the sur- 
face of the film. Apparently the high salt concentration inhibits the cluster- 
ing of the protein molecules into “islands” as was observed at low ionic 
strength. It is likely that the breaking-up of these clusters accounts for the 
small increase in surface pressure with increase in ionic strength in this 
pH region. 

As the film is compressed to areas less than 1.3 m.2/mg., it is seen that an 
increase in ionic strength results in a considerable increase in surface pres- 
sure at constant area, this effect being maintained right to the collapse 
area. The magnitude of this surface pressure increase varies little with pH, 
suggesting that its origin is not due to any change in the Coulombic forces 
between the molecules but rather to changes in the van der Waals’ or non- 
ionogenic hydrogen bonding in the system. Although the nature of this 
interaction is somewhat obscure, it is probably connected with the forma- 
tion of clusters already noted, and with the dissociating effect on them of 
the addition of salt. Moreover, although only qualitative observations were 
made, it seemed clear that, with the addition of salt, the sharp increase in 
surface viscosity and gel formation did not occur until smaller areas were: 
reached, again pointing to the breaking-down effect of higher ionic strength. 
If the proposed cluster or gel formation results from interaction with water 
molecules, possibly to form some manner of a two-dimensional hydrogen- 
bonded lattice structure, it is readily understandable that an increase in 
salt concentration would break down such a structure because of competi- 
tion by the salt ions for the water molecules. 

The effect of ionic strength on the surface potential at these areas cor- 
responds with that at higher areas. In the isoelectric region the AV-A 
curves for the two salt concentrations merge at lower areas (Fig. 4), again 
suggesting that the change in surface pressure in this region is due to factors 
other than ionic effects. The values of AV at high and low pH provide a 
further example of the clockwise rotation of protein titration curves around 
the isoelectric point with increase in ionic strength. 
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ABSTRACT 


Pressure-area isotherms have been obtained for mixed monolayers of pure com- 
pounds whose structures are related to those of lubricant additives. Individually, 
stearic acid and octadecylphosphonic acid with long unbranched chains form strong 
films. Isostearic acid has a larger molecular area and a much lower collapse pressure 
than stearic acid. This difference demonstrates the great sensitivity of monolayers 
to a single methyl side chain. Tri-p-cresyl phosphate and tri-o-xenyl phosphate 
have much larger areas and lower collapse pressures. 

An equimolar mixture of two similar compounds, stearic acid and isostearic acid, 
has monolayer properties close to the calculated average. An equimolar mixture of 
dissimilar compounds, stearic acid and tri-p-cresyl phosphate, shows film properties 
of the phosphate at low pressures, expulsion of the phosphate from the monolayer 
at intermediate pressures, and properties of stearic acid at high pressures. 


INTRODUCTION 


Many additives in lubricating oils are effective because they form ad- 
sorbed films (1, 2, 3). In most cases the monomolecular film, or mono- 
layer, at an interface is responsible for the effects of such additives on 
friction, wear, corrosion, and detergency. Nevertheless, much remains to 
be learned about molecules in adsorbed films and the nature of adsorption 
processes. 

A reliable and versatile technique for studying monolayers is the de- 
termination of pressure-area isotherms on the Langmuir-Adam-Harkins 
film balance (4, 5). Such isotherms are sensitive to small differences in 
molecular structure, orientation, and packing. They fingerprint molecular 
structure and can be used to characterize a wide variety of compounds. 
Most organic compounds with 12 or more carbon atoms and a polar group 
can be studied by this technique. The study of pure compounds, alone and 
in mixtures, provides a basis for interpreting the behavior of complex 
lubricant additives. Because mixtures almost always occur in practice, 
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they warrant the most attention. Of primary importance are the effects of 
additives on each other and the effects of diluent hydrocarbons upon them. 
Little detailed information on mixed monolayers is available (4, 5, 6, 7). 

A fundamental study of adsorbed films is in progress in our laboratories. 
The present work deals primarily with monolayer properties of two binary 
mixtures. One mixture, stearic acid and isostearic acid, contains com- 
pounds of similar structure. The other, stearic acid and tri-p-cresyl phos- 
phate, contains compounds of widely different structure. These compounds 
represent structural types often found together in lubricants: straight 
chains with branched chains, and aliphatics with aromatics. For further 
comparisons, two related compounds were studied: octadecylphosphonic 
acid and tri-o-xenyl phosphate. 


EXPERIMENTAL 


Pressure-area isotherms have been determined for five compounds and 
two binary mixtures. The basic apparatus and techniques (4, 5) have been 
modified to improve the reliability of measurements. 


Materals 


All materials were of the highest purity available. Special preparations 
of stearic acid (m.p. 69.61°C.) and oetadecylphosphonie acid (m.p. 97.2°- 
98.2°C.) were obtained from the Research Division of Armour and Com- 
pany. Isostearic, or 16-methylheptadecanoic, acid (m.p. 69.5°C.) was 
prepared in our laboratories (8). 

Tri-p-cresyl phosphate was obtained from the Eastman Kodak Com- 
pany. A part of the sample fractionated under high vacuum showed the 
same film properties as the original material. Analysis of the original ma- 
terial showed 8.43% phosphorus, compared with a theoretical value of 
8.41%. Tri-o-xenyl phosphate, or Phosphen 9 (m.p. 113°-115°C.), was 
supplied by the Dow Chemical Company. Analysis showed 5.54 % phos- 
phorus, compared with a theoretical value of 5.60 %. 

The volatile solvent for the film-forming compounds was C.P. benzene, 
twice distilled to remove nonvolatile impurities. Film experiments on the 
benzene alone showed that remaining impurities were negligible. 


Apparatus 


The apparatus is a modified Cenco Hydrophil Balance of the Langmuir- 
Adam-Harkins type (4, 5). It is housed in a double-walled cabinet; both 
pressure and area adjustments are made with the cabinet closed. The 
entire apparatus stands on a stainless steel plate imbedded in a 3000- 
pound concrete base; the base reduces vibration and improves reproduci- 
bility of measurements. A glass weighing pipet is used for spreading the 
film-forming materials in a few drops of volatile solvent. 
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Procedure 


Before each experiment, the trough, barriers, float, and platinum foils 
of the film balance were thoroughly cleaned and coated with high-melting 
paraffin wax dissolved in hot n-hexane. The wax was Eimer and Amend 
“Hard” (m.p. 68°-70°C.), and the n-hexane was distilled from Phillips 
Pure Grade. A concentrated solution was used for the trough and barriers 
to provide a heavy coating and prevent metal ions from contaminating 
the water; a dilute solution was used for the float and foils. The coated 
trough was filled with deionized water to about 214 mm. above the edge. 
The water, which was deionized and equilibrated with atmospheric carbon 
dioxide, had a conductivity of about 0.5 micromhos and a pH of 6. 

The large area in front of the float was swept at least five times by five 
small barriers; the small area behind the float, three times. The film was 
spread, and 10 minutes were allowed for evaporation of the solvent. About 
0.01 mg. of the compound under study remained on the water surface. 
Surface pressures were read, usually at intervals of 2 minutes, as the film 
area was reduced in small decrements. One-minute intervals were used for 
extremely small decrements. The film was compressed until the pressure 
remained constant or fell. 

At the completion of an experiment, the surface behind the float was 
examined for cleanliness by moving a barrier across it to the float. Move- 
ment of the float indicated leakage of the film or possibly contamination. 
Directing a beam of light at a small angle of incidence across the film 
sometimes revealed characteristic patterns. Finally, lycopodium powder, 
an extremely fine pollen, was sprinkled over the film and a small stream of 
air was directed across the surface; the more rigid the underlying film, the 
less the powder moved. 

Temperatures were measured by a thermometer fully immersed in the 
shallow water of the trough. The experiments of this series were conducted 
at 21° to 25°C. In this range, temperature had little effect on the films 
studied. During a single experiment, it rarely varied more than 0.1°C. 


RESULTS 


Film properties calculated from the isotherms are shown in Table I. 
These include cross-sectional area per molecule, collapse pressure, and 
compressibility. Areas given are obtained by extrapolating the steepest 
part of the isotherm, usually near the collapse pressure, to the area axis 
at zero pressure.! Film thickness, which is the vertical dimension of the 
oriented molecule, can be calculated from the area and volume of the film. 
The volume is obtained by assuming that the monolayer has the same 
density as the bulk material. 


1 Extrapolation is illustrated in Fig. 5. 
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TABLE I 
Monolayer Properties of Compounds and Mixtures 
Compress- 
Area, square (Collapse pres- ibility 
Angstroms per sure, dynes Pea 
molecule per cm. “Tae 


Individual Compounds 


Stearic acid 20.3 42 0.0019 
Octadecylphosphonic acid 22.2 53 .0035 
Isostearic acid 31.6 15 .0069 
Tri-p-cresyl phosphate 95.0 9 .0538 
Tri-o-xenyl phosphate 96.0 3 .0142 
Equimolar Mixtures 
Stearic acid and isostearic acid 27.5 31 .0061 
Stearic acid and tri-p-cresyl phosphate 
Low-pressure region 72.0 11 .0404 
High-pressure region 14.5 38 .0033 


2 At the extrapolated zero pressure. 


Collapse pressure is sometimes referred to as maximum film pressure. 
Rigid or solid-like films usually collapse abruptly; mobile or liquid-like 
films gradually approach constant pressure. In the latter case, the mole- 
cules move less suddenly from the monolayer into the upper layers. Film 
compressibility is the change in area with pressure: 


am — aA 
Qofi 


where dp is the extrapolated area at zero pressure, and a; is a smaller area 
at pressure fi. 

Each point on an isotherm represents a pressure and an area calculated 
directly from measurements on the film. Repeated determinations of the 
isotherms are in good agreement. Although abrupt collapse is a “weakest 
link” phenomenon and should be difficult to duplicate, good reproduci- 
bility has been obtained. 


DISCUSSION 


Isotherm characteristics are intimately related to molecular geometry, 
molecular cohesion and adhesion, the location of polar groups, and the 
compatibility and packing behavior of molecules in mixtures. The sche- 
matic drawings of Fig. 1 show the three most important structures of this 
study and their orientation at the air-water interface. Molecular models 
of stearic and isostearic acids show cross-sectional areas in about the same 
ratio as the extrapolated values obtained in monolayer measurements. 
However, to account for observed periodicities in melting points and long 
crystal spacings in a series of iso acids, Weitkamp (8) and Velick (10) have 
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Fig. 1. Molecular orientation. 


suggested that the iso acids may have a spiral rather than the usual zig- 
zag structure. 


Films of Indwidual Compounds 


Film properties of the individual components of the mixtures were 
needed for comparison with those of the mixtures. Two additional com- 
pounds were studied for comparison of polar groups and hydrocarbon 
structures. Stearic acid and octadecylphosphonic acid have the same 
hydrocarbon structure and different polar groups. Stearic acid and iso- 
stearic acid have the same polar group and slightly different hydrocarbon 
structures. Tri-p-cresyl phosphate and tri-o-xenyl phosphate have the 
same polar group and greatly different hydrocarbon structures. 
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Fig. 2. Pressure-area isotherms for stearic acid and octadecylphosphonic acid. 


Stearic Acid. At zero pressure, the cross-sectional area of the stearic 
acid molecule is 20.3 A.?. This is obtained by the usual extrapolation of 
the steep upper portion of the isotherm in Fig. 2.2 The film thickness or 
the vertical length of the molecule, calulated from the area, is about 27 A. 


> Only small differences have been observed in our laboratory when twice-distilled 
n-hexane is substituted for benzene as the volatile solvent for stearic acid. Isotherms 
obtained with n-hexane are displaced slightly to the left at pressures below 10 dynes 
per cm., but the two isotherms agree within experimental error at higher pressures. 
The difference at low pressures may be due to benzene held in the film, wax dissolved 
from the apparatus by the benzene, or both. In any case, the contaminating com- 
ponent is apparently squeezed out of the monolayer as the film is compressed. 
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In the case of stearic acid, another area value is obtained by extra- 
polating the straight-line portion of the isotherm just below the steepest 
region. This lower portion yields a value of 25.0 A.2. Both values are in 
good agreement with earlier measurements made on substrates of freshly 
distilled water and of dilute acids (4, 5, 9). The two extrapolated areas, 
20.3 and 25.0 A.?, obtained in the present study are in particularly good 
agreement with the corresponding calculated values, 20.5 and 25.2 A., 
reported by Vold (11). The value of 20.5 A. is calculated by assuming 
efficient packing of vertically oriented stearic acid molecules that are 
elliptical in cross section and that do not rotate on the vertical axis. The 
greater area, 25.2 A.’, is obtained by assuming free rotation on the vertical 
axis and a cylindrical close packing. More recent calculations by Kipling 
and Norris (12), based on a “closed” and an “open” configuration of the 
carboxyl group, give values in agreement with those of Vold. 

Stearic acid monolayers have a high collapse pressure. Five experiments 
show abrupt collapse between 41 and 43 dynes per centimeter. Reported 
collapse pressures (4, 5, 9) are lower. A low compressibility, 0.0019, is 
apparent in the steeply rising isotherm. At small areas, the films are ex- 
tremely rigid. Collapsed stearic acid films appear to contain long thin 
crystallites or fibers that may be related to the fiber structure of similar 
compounds in grease (13). 

Octadecylphosphonic Acid. The data plotted in Fig. 2 demonstrate the 
strong film-forming properties of octadecylphosphonic acid. The isotherm 
is similar to that for stearic acid. The extrapolated area, 22.2 A.?, is slightly 
greater than for stearic acid, 20.3 A.?. This difference may be related to the 
larger polar group of the phosphonic acid. At the highest pressure, how- 
- ever, the cross-sectional area of the hydrocarbon chain is probably the 
limiting factor in packing for both compounds. 

Four determinations of collapse pressure give an average value of 53 
dynes per centimeter, about 11 dynes higher than for stearic acid. The 
higher collapse pressure and the steeper slope of the low-pressure portion 
of the isotherm may be related to the tighter binding or association of the 
phosphonic polar groups with the water or with themselves. The high 
polarity of the phosphonic group is indicated also by the limited solubility 
in benzene of the compound compared with stearic acid; even at extremely 
low concentrations, it was necessary to warm the solution. Nevertheless, 
identical collapse pressures and almost complete coincidence were obtained 
in the two experiments of Fig. 2. 

Isostearic Acid. The sensitivity of monolayers to branching is illustrated 
by comparing isostearic acid with stearic acid. The methyl! side chain of 
isostearic acid should have the minimum effect on packing and film 
strength because it is small and at the remote end of the long molecule. 
Furthermore, the melting points of the isostearic and stearic compounds 
are almost identical. 
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Fie. 3. Pressure-area isotherms for stearic acid, isostearic acid, and an 
equimolar mixture. 


Isotherms for stearic and isostearic acids are presented in Fig. 3. A 
marked difference is evident. The extrapolated area for isostearic acid is 
31.6 A’, compared with 20.3 A. for the straight-chain acid. At collapse, 
the minimum area for the isostearic molecule is 28.0 A.2. The collapse pres- 
sure for isostearic acid is 15 dynes per centimeter (14.3, 14.5, and 15.0 in 
three experiments), only a third of that for stearic acid. The compres- 
sibility of the isostearic film, 0.0069, is more than three times as large. 
The increase in area and the threefold difference in collapse pressure and 
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Fie. 4. Pressure-area isotherms for tri-p-cresy] phosphate and tri-o-xenyl phosphate 


compressibility demonstrate the extreme sensitivity of monolayers to 
small changes in structure. Area data obtained under slightly different 
conditions by Sobotka, Rosenberg, and Birnbaum (14) on another prepara- 
tion of isostearic acid are in qualitative agreement. 

The isostearic acid data may be interpreted by assuming either vertical 
or sloping orientation. If the molecules are vertically oriented and the 
branched methyl group sweeps out a wide area to give a film of low den- 
sity, intermolecular cohesion and film strength are reduced. If the orienta- 
tion angle of the molecules is considerably less than 90° and the packing 
is relatively close, intermolecular slippage is allowed and film strength is 
reduced. The first interpretation implies a greater film thickness than the 
latter. 

Tri-p-cresyl Phosphate. Tri-p-cresyl phosphate has a squat bulky struc- 
ture, in sharp contrast with that of stearic acid. The extrapolated area 
for tri-p-cresyl phosphate is 95.0 A.?. The thickness of the film, or vertical 
dimension of the molecule, is about 6 A. 

Tri-p-cresyl phosphate has a low collapse pressure, 9 dynes per centi- 
meter. The isotherms of Fig. 4 show the gradual collapse or slow approach 
to constant pressure. The film has high mobility, in contrast with the 
rigidity of stearic acid. Its compressibility of 0.0538 is more than 25 times 
that of stearic acid. Nevertheless, the phosphorus-oxygen group is strongly 
polar, as indicated by the films of octadecylphosphonic acid. Therefore, 
the low collapse pressure and high compressibility of tri-p-cresyl phosphate 
are undoubtedly due to poor packing, both intra- and intermolecular, of 
the three bulky ring groups. 

A marked difference exists between molecules in oriented monolayers 
and in the bulk phase. Tri-p-cresyl phosphate, which melts at 77°C., gives 
a mobile, liquid-like film. Stearic acid, which has a lower melting point, 
69°C., gives a rigid, solid-like film. The higher melting solid behaves as a 
liquid in monolayers, whereas the lower melting solid is extremely rigid in 
two dimensions. 

Tri-o-xenyl Phosphate. The hydrocarbon portion of tri-o-xenyl phos- 
phate, which consists of three biphenylyl groups, is much larger than that 
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of tri-p-cresyl phosphate. Nevertheless, the geometry and orientation of 
the multiple-ring structure give a molecular area of only 96.0 A. This value 
is almost identical to the extrapolated area of tri-p-cresyl phosphate. 
However, an area value for tri-~p-cresyl phosphate taken at the point of 
discontinuity near the maximum pressure, as shown in Fig. 4, is only 
about half that of tri-o-xenyl phosphate. Under compression, the three 
rings of tri-p-cresyl phosphate perhaps become closely packed, whereas 
the xenyl structures do not. The tri-o-xenyl phosphate monolayer col- 
lapses at a low pressure, 3.4 dynes per centimeter, but moderate rigidity 
is indicated by its compressibility, 0.0142. These data indicate a dominat- 
ing effect of hydrocarbon structure in a molecule containing a strong 
phosphorus-oxygen polar group. 

Interestingly, the structures of the three principal compounds of this 
study, drawn in Fig. 1, suggest the corresponding isotherms of Figs. 3 and 
4. The horizontal cross sections are reflected in the displacement of the 
isotherms from the origin. Moreover, the tall stearic acid structure sug- 
gests a steep isotherm with a high collapse pressure; the squat tri-p-cresyl 
phosphate suggests a low collapse pressure. Isostearic acid is intermediate 
in both respects. 


Films of Mixtures 


Experimental isotherms for two equimolar mixtures, stearic acid with 
isostearic acid, and stearic acid with tri-p-cresyl phosphate, have been 
compared with the calculated average isotherms. The first mixture, which 
contains similar compounds, has monolayer properties close to the average. 
The second mixture, which contains dissimilar compounds, shows proper- 
ties of the individual components and an isotherm differing markedly 
from the calculated average. 

Stearic Acid and Isostearic Acid. The isotherm for an equimolar mixture 
of stearic acid and isostearic acid is presented in Fig. 3. At the lowest pres- 
sures, it lies close to stearic acid alone, but on compression the divergence 
becomes greater. The extrapolated area for the mixed film is 27.5 A.? per 
average molecule, compared with a calculated average of 26.0 A2. The 
calculated average curve, based on simple additivity of the two individual 
monolayers, is nearly within experimental error of the data for the mixed 
film. Apparently there is little interference or co-operation between the 
two molecules in the monolayer. 

The collapse pressure for the mixed film is near the mean of those of its 
components. The mixture has a collapse pressure of 31 dynes per centi- 
meter (30.7, 30.9, and 31.6 in three successive experiments), not far from 
the average, 28.5 dynes, for the two components. If any microscopic area 
of the mixed film had the weakness of isostearic molecules alone, a much 
lower collapse pressure would be expected. Evidently there is uniform 
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Fic. 5. Pressure-area isotherms for stearic acid, tri-p-cresyl phosphate, and 
an equimolar mixture. 


distribution or mixing of the isomers in the monolayer. Certainly no 
domination of the film by the weaker member of the pair is indicated. 

Stearic Acid and Tri-p-cresyl Phosphate. The isotherm for an equimolar 
mixture of two widely different compounds, stearic-acid and tri-p-cresyl 
phosphate, is plotted in Fig. 5. In the high-area or low-pressure region, the 
tri-p-cresyl phosphate molecules dominate the film structure. In the low- 
area region, stearic acid apparently controls the film. The horizontal 
plateau between these two parts of the isotherm appears to be a region 
in which the tri-p-cresyl phosphate molecules are squeezed out of the 
monolayer. 

Throughout the entire isotherm, there are effects considerably greater 
than would be predicted by simple additivity. In the high-area region, the 
mixed molecules do not pack as closely as they do separately. Neverthe- 
less, the compressibility in this region, 0.0404, is less than for tri-p-cresyl 
phosphate alone, 0.0538. The influence of the stearic acid at high areas is 
thus apparent. The isotherm then rises to a plateau about 2 dynes per 
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centimeter above that for the tri-p-cresyl phosphate alone. Possibly the 
tall stearic acid molecules interfere with the escape of the phosphate mole- 
cules from the monolayer. 

Although stearic acid apparently dominates the mixed film in the low- 
area region, the area is greater than predicted by the calculated average 
curve. Perhaps not all of the tri-p-cresyl phosphate has been forced out of 
the monolayer. Possibly the phosphate molecules have some effect on the 
monolayer packing even after they have been displaced to a second-layer 
position. However, little is known about the state of such partially col- 
lapsed films, that is, the state between the monolayer and the bulk ag- 
gregate. 


CONCLUSION 


Monolayers of mixtures reflect structure characteristics and interaction 
effects not obtained with films of individual compounds. Mixed films are 
of basic importance in studying lubricant additives, emulsions, foams, 
micelles, detergents, biological systems, and heterogeneous catalysis of 
large molecules. The present work and investigations in progress should 
not only improve our understanding of surfaces and interfaces but provide 
a basis for designing molecular structures having specific film properties. 
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INTRODUCTION 


Whatever the ultimate purpose of viscosity measurements on polymer 
solutions, the primary quantities of interest are, in general, (1) the intrinsic 
viscosity, [n], (2) the limiting slope constants of f(c) plots, where c is the 
concentration of polymer in grams per 100 ml. and f is the directly meas- 
ured viscosity 7, (3) the relative viscosity, n,, (4) the specific viscosity, 
Msp, (5) the reduced viscosity, ys»/c—or the logarithm of any of these 
quantities. 

Intrinsic viscosity and limiting slope constants are obtained by means 
of simple and well-known graphical procedures which are satisfactory as 
long as neither high accuracy nor high precision is needed. Whenever 
either or both are desirable, most of the procedures break down, although 
this is often not realized. In part, inadequacies in the equations underlying 
the plots are responsible. It is the purpose of this paper to analyze the 
conventional procedures and the respective equations and to point out a 
few possibilities for improvement. A subsequent paper will, similarly, deal 
with the explicit concentration function of the measured viscosity and of 
the various derived quantities. 

The analysis will be based entirely upon recent data by Streeter and 
Boyer (1). They were obtained on a single sample of polystyrene 
(M,, = 370,000) dissolved in a large variety of nonpolar solvents. Many 
of the data covered a rather wide range of concentrations. The rate of 
shear was apparently close to zero. All this seemed to make these data 
particularly suitable for the present purpose in spite of the regrettable 
choice of a geometric progression for concentrations below 2%. The choice 
of these systems will limit part of the conclusions, arrived at in the follow- 
ing, to solutions of nonpolar flexible macromolecules of large M in organic 


! Paper presented at the 1954 March meeting of the American Physical Society 
at Detroit and Ann Arbor, Phys. Rev. 94, 1426 (1954). 
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Fig. 1. Illustration of uncertainties in conventional determinations of ky[y]? 
and ke[n]?. 


Equations used: I: [2]; II: [3] 


solvents. An extension of the analysis particularly to solutions of rigid 
nonspherical macromolecules in organic solvents, and to ionogenic macro- 
molecules in aqueous solution, would be desirable but is not intended by 


this author. 
I, ExrrapoLations To INTRINSIC VISCOSITY 
1. Definition of the Problem 


The equation most generally used for obtaining [] graphically is 


Me = a + be +s {1} 


where a is [n] by definition. The interrelation between slope and intercept 
found by Schultz and Blaschke (2) and the subsequent theoretical argu- 
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ment offered by Huggins (3), led to a replacement of b by ki[n]? so that 
the now generally adopted form of this equation is 


Nsp/¢ = [n] + kaln]’c + --- [2] 
The alternate relationship 
In n-/¢ = [n] — heln]’o + --*, [3] 


generally attributed to H. Staudinger’, obviously yields the same extra- 
polated value of [y]. It has therefore become common practice to make 
extrapolations to [n] more secure by combining plots of Eqs. [2] and [3]. 
Although this combination may be relied upon for poor solvents, the pre- 
cision obtainable for good solvents leaves much to be desired, since neither 
linear relationship applies then in satisfactory approximation. The situa- 
tion is illustrated by Fig. 1. Neither Eq. [2] nor Eq. [3] is strictly valid at 
any of the experimental concentrations. The resulting uncertainty of the 
limiting slope is expressed by the contour lines of the two black areas, 
and the uncertainty of [y] follows from the vertical range of possible com- 
mon intercepts. 

It is apparent that alternate methods are necessary in order to increase 
the number of significant figures possible for [n]-values. Two types of 
methods suggest themselves. They will be discussed in succession. 


2. Extrapolations from Limiting Slopes of Alternate Equations 


The first step consists of exploring the various possible functions of 
which the right hand side of Equations [2] or [8] may be considered as the 
first terms of expansion, selecting that or those among them which can be 
brought into a graphically useful form. The only additional requirement is 
that the third and higher terms selected for either of the two infinite series 
become negligible at concentrations < 2 g./100 ml., so that a straight-line 
plot will result within a reasonably extended range of low concentration on 
applying the new equations. It is, on the other hand, quite immaterial for 
the present purpose how well or how poorly the same equations perform 
at higher concentrations. 

One equation meeting these requirements can be obtained by extending 
Eq. [2] in the following manner 


tep/¢ = [n] + kilne + k2[n}'e? + kvl[n]tc® + --- [2a] 


2 Except for the substitution of c by the weight fraction, w, it is identical with the 

repeatedly tested equation 

log ny = a’w + b'w? 
or the theoretically justified analog 

In 4, = a’d + b"¢? 
[6: volume fraction. See e. g. ‘Natural and Synthetic High Polymers,’ Vol. 4, p. 
780, Interscience Publishers, New York, 1950. See also Mead, D., and Fuoss, R. M., 
J. Am. Chem. Soc. 64, 277 (1942)]. 


550 WILFRIED HELLER 


This equation, in graphically useful form, is 
c/s = 1/[n] — he. [4] 


In order to take full advantage of this equation for graphical extra- 
polations to 1/[n],? it is desirable to find an auxiliary equation which also 
reduces to 1/[n] as c — 0. This will reduce the considerable uncertainty 
of graphical extrapolation from one curve. 

On extending the infinite series [3] in the following manner 


Inn,/c = [n] — kelnPc + 4ke[n}’c? — 2ke*[n]*c®? + --- [5] 
the function 
me = (L + 2kefn|e) (6) 


is obtained, which is identical with the ‘““Baker’’ equation (4), on replac- 
ing 1/2k. by a single constant n. (Equation [3] may therefore be considered 
as a two-term expansion of the Baker equation.) Equation [6] is, unfortu- 
nately, not useful graphically for the present purpose. It may, however, be 
brought into such a form by considering the following of its various pos- 


sible alternate forms 
1 ) 1 ) 


This equation, on expansion of the first term and subsequent simple 
transformation, yields 


In 9.s= 


G 1 
ee + kee, | [8] 
which is a suitable auxiliary equation to be combined with Eq. [4]. 

Joint use of these two equations furnishes an independent method of 
extrapolations to [n] for two reasons: (1) The difference in slope constants 
compared to Eqs. [2] and [3] excludes any symmetry between the new and 
_ the old double plot. The lack of symmetry is enhanced by the difference in 
the concentration dependence of the slope constants, outside of the range 
of validity of the four equations. (2) The extrapolations yield 1/[n] so 
that any, though unconscious, arbitrariness in carrying the two curves to 
their common intercept is excluded in such cases where an extrapolation 
to [n], by the conventional double plot, has preceded the new double plot. 

The new method of extrapolation, combined with the conventional 
method, is illustrated in Fig. 2 for the case of a moderately poor solvent. 


* The application of this equation must obviously be limited to graphical extra- 


polations of 1/[n] since the factors, u,v, .. . , omitted in the third and higher terms 
of [2a] are <1.0. 
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Fia. 2. The conventional double plot and the new double plot for determining [y] 
(The four limiting slopes give ky , ki{n]?, ke and ke[n]?.) 


Equations used: [2], [3], [4] and [8] 


The numerical values of [n] obtained are 0.66, (old double plot) and 0.66, 
(new double plot). Thus, it is likely that the true value of [n] is 0.6625 + 
0.0015. This will be verified below. To be discussed later is the fact, also 
apparent from Fig. 2, that the combination of the four plots gives directly 
the values of ky, ke, kiln]?, and k[n]?. 

On applying the new double plot to a good solvent, (Fig. 3), one faces, 
in principle, the same situation as illustrated in Fig. 1 for the old double 
plot. The uncertainty is here smaller, however, for apparent reasons of 
symmetry. Hither of two measures allows a further reduction in this un- 
certainty of [n]. One consists of ascertaining the extreme range of possible 
intercepts (see Fig. 1) for both double plots. The most probable value of 
[n] and the remaining uncertainty will be defined by the overlap of the two 
ranges, it being understood that the values of one range are inverted prior 
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Fig. 3. The determination of [7] from triple plots. 
Equations used: [2], [3], [4], [8], [9] and [10] 


to comparison. Simpler and more effective is an alternate procedure, 
which takes advantage of the fact that 


G Cc gt ky — ke 
Bre: a ( 2 )e ae 


A plot based upon this equation will therefore yield a straight, nearly 
horizontal line at low concentrations, provided k, and ky have similar 
values. It is now precisely in good solvents that the two constants differ 
the least (see Tables III and IV). On converting the new double plot 
into a triple plot, virtually any uncertainty of the intercept is therefore 
removed in good solvents. Figure 3 shows, in fact, that the third plot 
(Eq. [9]) yields a practically horizontal line for all concentrations below 


2%. This alternate procedure allows one to dispense with the old double 
plot entirely. 
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TABLE I 
Intrinsic Viscosities of Polystyrene 
Solvent 
Method Benzene Toluene o-Dichlorobenzene 
1 1.34-1.36 1.232 1.11; 
2 1.35)? 1.23 P 1. 
3 1356 1.231 + 0.001* 1.115 + 0.002* 
4 1.356 + 0.001* — —_ 
5 {eS 1.23 1.1o 
6 1.75 1.60 1.50 
Solvent 
Method  «x-Dichloro x-diethyl benzene Methyl ethyl! ketone Decalin 
1 0.903 0.661 0.560-0.565 
2 0.90;P 0.6647 0.5627 
3 0.904 + 0.001* 0.6625 + 0.0015 0.5625 
4 — 0.663 + 0.001* 0.5625 + 0.0005* 
5 0.90 0.655 0.563 
6 = 0.72 0.53 
Methods: 


1. Conventional double plot (Eqs. [2] and [8]; see Fig. 1). 

2. New double plot (D) (Eqs. [4] and [8]) or triple plot (T) using, in addition, 
Eq. [9]; see Figs. 2 and 3. 

3. Mean of lines (1) and (2). 

4, Extrapolation of [y].(c)-curves; see Figs. 5 and 6. 

5. Correct extrapolation of log(nsp/c) (c)-plots (Eq. [12], Fig. 7). 

6. Conventional (Incorrect) extrapolation of same (Fig. 7). 

* Values used in later calculations, Tables, and Figures. 


Equations [2] and [3] also may be combined to give 


a In 7, Se ki — ke 2 
(12-2) /2= m+ (458 ) tne 


It is thus possible, in principle, to convert the conventional double plot 
also into a triple plot. Clearly, this has much less interest, since the hori- 
zontal section of the third plot is limited to far too narrow a concentration 
range. 

Numerical data obtained for six solvents are given in Table I. Line 1 
gives the values obtained by means of the conventional double plot. For 
benzene and decalin the entire range of possible values is given (see Fig. 1); 
for the other solvents only the mean [n] is indicated. Line 2 contains the 
values obtained by means of the new double plot (three cases) and tri- 
ple plot (three cases), respectively. Line 3 gives the mean of the values 
obtained by the conventional and new plots, respectively. In four of the 
six cases considered, the comparison of the values obtained by the new 


[10] 
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Fia. 4. Principle of precision method for determining [n]. 


| 
and old procedure, respectively, allows an approximate definition of the 
accuracy of the [n]-values obtained. In the two remaining cases, preference 
must be given to the values obtained by the new procedure rather than 

to the mean. This is borne out by the results given in the following sec- 
tion. 


3. Extrapolations of the ‘‘ Apparent” Intrinsic Viscosity 


Equation [2] may be substituted by the following equation, outside of 
its very limited range of approximate validity: 


Te = [nla(c) + Cala) )a(c)e [26] 


where [n]a =, [n| and (ki[n]}?)a 
trated by Fig. 4.4 
Similarly, 


ky[n?. The meaning of these terms is illus- 


= 0 


£ = + (0) — (aloe. [4a] 

Nsp [nla 
Applying the same principle to Eqs. [3] and [8], two [n]a(c) and two 
1/[n]a(c) curves can be obtained once the concentration function of the 
slopes is known in sufficient approximation. The latter information can 
easily be obtained by a graphical method discussed in the following section. 
The four curves thus obtained are given in Fig. 5 for the solvent benzene. 
All 1/[n].-values are inverted, prior to plotting, in order to produce a com- 


‘The subscript ‘“‘a’’ defines an apparent value. 
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! 2 3 4 


Fic. 5. Precision method for determining [n] (quadruple plot). 
Te [nla = In nr /C ae (ke Inl)a (c)e 
II: [nla = 1/{(c/1nnr) — (ke)a(c)e} 
IIT: [nla = nap/e — (kiln})a(c)e 
We [nla = 1/{c/nsp SF (Ki)a(e)e} 


mon intercept. (Obviously, all the plotted [n],-values are calculated values.) 
It is apparent that the quadruple plot has no advantage over the double 
plot based upon Eqs. (2b) and (4a) (curves III and IV, respectively). This 
double plot exhibits the desirable feature that both slopes approach, of 
necessity, the value of 0 as c — 0. Thus, there exists virtually no uncer- 
tainty about the intercept. An additional important factor is the fact that 
uncertainties due to the scattering of experimental data at low concentra- 
tions are removed in the preceding process of obtaining the approximate 
concentration function of (k,[]*). and (k1)a, respectively. A more detailed 
illustration of the proposed double plot of [],-values is given in Fig. 6 
for the solvent methyl ethyl ketone. 

This method is more laborious than that of the triple plot described in 
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Fic. 6. Precision method for determining [7] (double plot). 


Equations used for calculation of [n].: 
I: same as for IV in Fig. [5] 
II: same as for III in Fig. [5] 


the preceding section. It furnishes, on the other hand, undoubtedly the 
most precise [n]-values. Its use is indicated primarily in those cases where a 
check of [n]-values obtained by the alternate new procedure discussed 
in Section I, 2 appears desirable. Data obtained in the three cases 
tested are given in line 4 of Table I. 


4. Extrapolations from Logarithmic Plots 


A few comments may be in order with regard to a method of [n]-extra- 
polation used by a number of authors. 


On replacing b in Eq. [1] by ks[n] rather than by k,[n]?, one arrives at 


Nsp k3c 


= [nle [11] 
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as a possible function assuming, again, suitable higher terms in [1]. 
This function, proposed by several authors,’ is generally referred to as the 
“Martin” equation. Its form 


In (22) = In [n] + kse [12] 


invites graphical application. 

It is now clear from the outset that a straight line obtained from such a 
log plot with c = 0 as the origin, cannot extend over the same range of low 
concentrations as the straight-line portion of a plot of Eq. [2] except for 
the rare case that the third term in the logarithmic equivalent of Eq. [2] 


In ) = In [nl + kalnle — 3hilnle? + --- [13] 


is negligible, at any value of c.° The virtual absence of a limiting straight 
line follows from Fig. 10. An extrapolation to a precise [n]-value is there- 
fore not possible. Values obtained from the ‘‘best possible straight line”’ 
at very low concentrations are given in line 5 of Table I. 

The procedure commonly used in connection with these log plots con- 
sists, however, of extrapolating a quasi straight line found at c > 4%, 
with omission of experiments at lower concentrations. In this manner 
fairly precise but outright inaccurate [n]-values are obtained. They are 
generally far too large (line 6 of Table I, and Fig. 7). (For a further 

discussion of these log plots see Section II, 4 and also the subsequent paper.) 


II. DETERMINATION OF LIMITING SLOPES 
1. The Limiting Slope ky{n]? 


The direct graphical determination of the limiting slope, ki[n]’, yields 
quite uncertain numerical values if a strong curvature of the 7.)/c(c)- 
curves begins at very low concentrations (good solvents). The situation 
is illustrated by Fig. 1. The use of a different procedure is then particularly 
important. 

Such a procedure may be based upon differentiation, with respect to 
c, of Eq. [20]. 

In order to simplify, the first term may be replaced by [m]. This will, 


5 The first reference to this equation is found in: Bungenberg de Jong, H. G., Kruyt, 
H.R., and Lens, J., Kolloid Beth. 36, 429 (1932); for the unpublished contribution 
of Martin, A. F., see Abstracts of A.C.S. Meeting, Memphis, Tennessee, April, 1942. 

6 Since it is negligible as c — 0, it follows that the limiting value of the “Martin” 
constant 
ky = (k3)0o = ky[{n] 


c 


as already known. 
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Fig. 7. The two characteristic slopes in ‘“Martin”’ plots. 


obviously, lead to quite incorrect values of the slope (Ai{n]*)a at large c- 
values, but it cannot affect the value of the limiting slope. 

Chord plots are the most rapid and convenient procedure for the prob- 
lem at hand. They cannot be used to fullest advantage here because 
Streeter and Boyer unfortunately chose a geometrical progression for 
concentrations below 2%. Figure 8 illustrates the procedure for three 
solvents, with omission of the chords in the main curve of decalin in order 
to avoid crowding. The intercept of these curves represents the limiting 
slope ky[n]?. 

In addition to illustrating the method proposed, this figure reveals 
clearly two facts which are more difficult to discern in a direct plot of 
Eq. [2]: First of all, it is apparent that Eq. [2] does not hold strictly at any 
finite concentration, not even in poor solvents. It follows implicitly that 
it is really impossible to obtain a true value of the limiting slope from a 
direct plot of ns»/e(c). Secondly, the chord plot reveals quite strikingly 
anomalous changes in slope for all solvents, but particularly for benzene, 
at concentrations of 0.5% and less. Whether these anomalies are due to 
experimental errors or are real—as recent work of Streeter and Boyer at 
very low concentrations may possibly indicate (5)—is immaterial. For, 
the search for a limiting slope would obviously be futile—irrespective of 
the method used—unless the basic concentration function is assumed to 


be monotonic and is considered apart from any possible anomalies at very 
low concentrations. 
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DECALIN 


Fig. 8. Precision method for determining ky[n]?. 


d(c/nsp) 7) 
C 


Il: (kiln). = 7 Inlac 


all other curves: 
(kiln?) a = d(nsp/c)/de 


These anomalies, or experimental uncertainties, at low concentration 
make it desirable, however, to fix the intercept more securely than is 
possible by means of single plots. Fortunately, Eq. [4a] allows one to 
obtain an independent second (or third) value of k,[n]?, based upon multi- 
plying the slope values (k;)a(c) discussed below, by either [n]? or [n]a’(c). A 
double (or triple) plot is thus obtained in which (at least two of) the con- 
verging curves have slopes of opposite sign at all concentrations. It is 
illustrated, for decalin, in the inset to Fig. 8. (The use of [m],, as a multi- 
plier, leads here to a minimum (curve IJ), at moderate concentrations. 
This is absent if [ny] is used instead.) 

Numerical values obtained by the various procedures are given in 
Table II. Line 1 gives the data obtained by the conventional method 
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TABLE II 
Limiting Values of ki(n]? 
Solvent 
Method Benzene Toluene o-Dichlorobenzene 
1 0.48-0.58 0.53-0.57 .047-0.48 
2 0.50 + 0.025 = = 
3 0 5 47 Pik ae = 
4 0.482 0.485* 0.423* 
} Solvent 
Method 5 Dichiogs ealiethyl benzene Methyl ethyl ketone Decalin 
1 0.3356 0.21; OPleie 
2 -=3 0.196 0.14; 
3 = 0.187*4 0 14,* 
4 0.30;* 0.18; 0.146 
Methods: 


1. Conventional tracing of limiting tangent (Figs. 1 and 2). 

2. Single plot extrapolation of (ki[7]?)a(c)-curve (Fig. 8). 

3. Double plot extrapolation using for second plot (ki)a(c)-curves and multi- 
plying all values by (a) [n]? or (b) [n]?a(c). 

4. Multiplying limiting values of k; (Table IV) by [n]? (Table I). 


(plot of Eq. [2]). These data are too high compared to those obtained with 
the alternate methods proposed here (lines 2 and 3). This has a good 
reason explained shortly. A comparison of lines 2 and 3 shows that a 
single plot of (ki[n]?)a(c) may be sufficient to obtain acceptable values of 
ky{n}?, but that a double (or triple) plot is desirable for good solvents. 
Line 4, finally, gives data obtained by multiplying, by [y]?, the ‘“mean 
values” of k, discussed in the following section. Because of the amplifica- 
tion of errors by multiplication, the latter values are only second best, 
by comparison, to those in line 3. 


2. The Limiting Values of ky 


The conventional method of obtaining k; consists of dividing the slope 
ky{n}? of the nsp/e-plot by [n]?. The resulting appreciable uncertainty is 
defined by the ratio of two errors, of which one is significant in itself and 
the other is amplified by squaring. Apart from the inherent nonsystematic 
errors, such k;-values are bound to be too large, since the ky[7|?-values are 
too large.’ They are given in line 2 of Table III. 


7 The reason is that none of the slopes becomes really constant at small c, but 
keeps on decreasing or increasing respectively as c > 0. While this is quite evident 
from appropriate figures, such as Figs. 8 and 9, it is difficult to detect visually in 
primary plots (Figs. 2 and 3). The strong curvature at intermediate concentrations 
overshadows here the comparatively slight curvature at low concentrations to an 
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TABLE III 
Limiting Values of ky 
Solvent 
Method Benzene Toluene o-Dichlorobenzene 
1 0.205 0.283 0.29, 
2 0.258 0.363 0.382 
3 0.243 0.323* 0.34 * 
4 0.235 + 0.0025* —- —- 
5 0.25s — — 
Solvent 
Method x-Dichloro x-diethyl benzene Methy] ethyl ketone Decalin 
ik 0.335 0.346 0.457 
2 0.41, 0.485 0.550 
3); 0.373* 0.41 0.50.4 
4 == 0.420 + 0.0025* 0.46 + 0.01* 
5 = 0.42; 0.46; 
Methods: 


1. Limiting tangent from plot of Eq. [4] (Fig. 2). 

. Limiting tangent from plot of Eq. [2], divided by [ny]? (conventional method). 
. Means of lines (1) and (2). 

. New double (triple) plot (see Fig. 9). 

. Calculated from k;[n]? (line 3, Table IT). 


oP Wb 


Equation [4] offers now the possibility of determining the limiting value 
of k, by direct graphical method (see Fig. 2). Data thus obtained for the 
five solvents tested are given in line 1 of Table III. It must be sus- 
pected at once that these values are too small. The two sets of /,-values 
in lines 1 and 2 of Table III differ in fact as anticipated. Inspection of 
the character of the (c/nsp) (c)- and (nsp/c)(c)-curves in Figs. 2 and 3 
makes it likely that the systematic errors inherent in the k,-values of 
lines 1 and 2 are very similar though opposite in sign. Granting this— 
which will have to be verified in the following—the mean values given 
in line 3 should come very close to the true /-values. 

A precision method, similar to that used for obtaining the best y[n]?- 


extent sufficient to make the latter appear nonexistent. Consequently, limiting tan- 
gents fitted to the curves are bound to have values too small if the rate of change in 
the slope with c is negative, and values too large if the rate of change is positive. 
Inspection of Fig. 2 will show that the values of hy , ke and ke [ny]? will therefore be 
too small, while those of ki[n]? and those of k; derived from it, will be too large. It 
is noteworthy that this psychological error is perfectly reproducible, as the fairly 
good agreement between our respective data and those given by Streeter and Boyer 
(1) indicates. Since the rate of change of the various slopes varies with the quality 
of the solvent, and therefore with [y], it is clear that the change of this error with 
[n] can lead to freak relationships (see Sections III, 2 and ITI, 4). 
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Fig. 9. Precision method for determining ky . 


T: (kia = (kiln P)a(c)/fn? 
Ta: (kia = (kiln]?)a(c)/na 
II: (ki)a = A(C/nsp)/de 


values, is based upon Eq. [4a]. The first derivative of this equation gives 
the true limiting /,-value on extrapolating the (k,),(c)-curve to c = 0. 
Again, 1/[n] may be substituted for 1/[n]., since the slope at finite concen- 
tration is of only minor interest here. The curves II, 1 and II, 2 in Fig. 9 
illustrate the procedure for two solvents. The points given are, again, 
values interpolated from chord plots. In order to obtain a double plot, 
independently obtained (ky[n]?),-values (Fig. 8) are divided by [n]? (curves 
I+ 1 and I, 2); a triple plot follows on dividing by [n].2 (curve Ia). There is, 
however, no material advantage in using a triple plot here. Numerical 
values of the intercepts are given in line 4 of Table III, for three sol- 
vents tested. These precision data do not differ by more than 8 % at the 
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most from the mean of the alternate k,-values given in line 3. Unless op- 
timum accuracy is desired, such mean values may therefore be used in- 
stead of the values derived by the precision method. 

An alternate method of obtaining precision values consists, of course, 
of using the precision values of ky[]? (line 3 of Table II) and dividing 
these by the square of the precision values of [m] (line 4 of Table I). 
These values are given in line 5 of Table III. In two of the three cases 
tested, the agreement is excellent, the deviation being less than 2%. 


8. The Limiting Values of kz 


The procedures for a determination of the limiting values of k, are 
completely analogous to those described for k,. The values in line 1 of 
Table IV are obtained by fitting a limiting tangent to plots of Eq. [8]. 
The values in line 2 pertain to the limiting tangents of graphs according 
to Eq. [3], dividing the result by [y}?. Both sets of values are bound to ‘be 
somewhat too small. Taking their mean, in line 3, has therefore here 
only one advantage, that of reducing the nonsystematic error. 

Data obtained by the analog of the precision method used for k, are 
given, for two cases tested, in line 4. The intercepts of double plots 


TABLE IV 
Limiting Values of ke 


Solvent 
Method Benzene Toluene o-Dichlorobenzene 
il! 0.24; 0.165 0.144 
2 0.207 0.162 0.12; 
3 0.227 0.166* Onsse 
4 0.23.6* — _— 
5 0.26; 0.17; 0.165 
Solvent 
Method gas Ace Methyl ethyl ketone Decalin 
il 0.1383 0.096». 0.0332 
2 0.126 0.080; 0.028: 
3 0.132* 0.088; 0.031 o* 
4 = 0.083 + 0.005* = 
5 0.12; 0.080 0.04 
Methods: 


1. Limiting tangent from plot of Eq. [8] (Fig. 2). 
2. Limiting tangent from plot of Eq. [3], divided by [n]? (conventional method). 
3. Mean of lines (1) and (2). 

4. New double (triple) plot. 

5. Calculated from Eq. [15a]. 
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Fic. 10. The slope in ‘‘Martin’’ plots. 
kg = logio nsp/dc 


cannot be obtained here with a precision approaching that in the case of 
k,, owing to unfavorable similarities of (Iny,/c)(c) and (c/Iny,)(¢) curves. 
The method is therefore here of minor usefulness only and hardly warrants 
the time spent with applications. The data in line 4 do not, however, 
contain any systematic error. 

In view of the difference in precision and accuracy of k,- and k»-values 
it may be preferable to obtain k,-values—for good solvents—indirectly, 
by means of a simple relation existing between these values and the k,- 
values (see Section III, 1). Such indirect k.-values are given in line 5 of 
Table IV. 

The interest in the limiting slope ks[n}? is minor. The possible methods 
for its determination are now obvious. 


4. The Limiting and Principal Values of ks 


dlogions A 
The (Zoe \(c) curves in Fig. 10 show that the slope k; (Eq. [12]) 


increases continuously with decreasing concentration, with the exception 
of decalin, where the behavior is quite complex. This increase—directly 
opposite to the behavior of other slopes discussed previously—becomes so 
strong at the lowest concentrations that a reliable direct extrapolation of 
the limiting slope, (k3)o, is not possible. (This amplifies the earlier state- 
ment that these plots are unsuitable for determinations of [n].) The values 
of ky[n] (ine 1, Table V) drawn into the ordinate,’ at c = 0, represent 


5 The values were, to this effect, multiplied by 0.4343. 
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TABLE V 
The Limiting Values of kiln] = (k3)o and the Value of (k3)p 
(Valid for log, plots) 


Solvent 
Quantity considered Benzene Toluene 2-Dichlorobenzene 
kiln] = (ks)o (1) 0.315 0.39; 0.375 
(ks)p (2) 0.221, 0.222, 0.2115 
(ks)p — (ks)o (3) —0.09s —0.175 —0.16; 

Solvent \ rin 

“A 4 x-Dichloro «-diethyl vei 

Quantity considered benzene Methyl ethyl ketone Decalin 
kiln] = (ks)o (1) 0.337 0.275 On2an 
(ks) (2) a 0.241; 0.305, 
(ks)p — (Ks)o (3) ts —0.03; +004. 


Methods: 

1. Calculated from Tables I and III. 
2. Mean slope between 6% and 12%. 
3. Using the values of lines 1 and 2. 


a plausible intercept for these curves. These values were calculated from 
those in Tables I and III. Since (k3)) = ki[n], as shown earlier, the accept- 
able fit of the calculated intercepts may be considered as a preliminary 
and satisfactory check of the accuracy of the k, and [n]-values involved. 

Between c = 6 and ¢ = 12, the rate of change in the slope value is so 
slow that these log plots approximate a straight line within this range 
(see Fig. 7). There is therefore some justification for replacing k3(c) within 
this range by a mean value, (k;),, the principal slope constant of Martin 
plots. Values of (k3), for the five solvents considered are given in line 2 
of Table V. Line 3 gives the difference between (k3), and (k3)o. This 
difference allows a quantitative definition of the error committed on extra- 
polating the quasi-straight portion of a Martin plot, 7.e., (ks)p, to zero 
concentration for the purpose of obtaining the intrinsic viscosity. The error 
inherent in the incorrect value, [n]1, thus obtained can be calculated from 
the following obvious relation 


oe = exp {[ (Ks) » = (ks)olex} [14] 


where c; is the concentration at which the two slopes intersect (see Fig. 7). 
Since this intersection generally occurs in the neighborhood of ¢ = 2, 


Kq. [14a] 


n 


a ~ exp {2(hs)p — (ha)ol} [144] 


| 
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is sufficient for a rapid evaluation of the error. There is, in fact, a satis- 
factory agreement between the error thus calculated and that obtained 
from comparing directly the [n]-values in lines 4 or 3 with those in 
lines 6 in Table I. 

It is of interest to inquire into the relationship of the two slope constants, 
(ks)o and (k3)p and also into the cause of peculiarities of log (nsp/¢) (c)-curves 
such as that illustrated for decalin in Fig. 10. These matters, being outside 
of the scope of the subject matter treated here, will be discussed in the 
subsequent paper. It should be mentioned, however, that some unjustified 
criticism of “Martin plots’ in the recent literature is due to failure of the 
authors to differentiate properly between (k3)o and (ks) ». 


III. Carck or THE DaTA 


The preceding discussion has shown that it is now possible to obtain 
more precise [y]-values and limiting slope constants. It also became prob- 
able that these values are, in addition, more accurate. It is important to 
prove the latter point and also to verify the precision. 

1. Direct Mutual Check of k; and kez 


Equation [3] may be transformed to 
tsp = —1 + exp {[nle — (he)alnPc? + --- }. [3a] 


On expanding, neglecting quartic and higher concentration terms in the 
result, and equating with 


nep = [nle + (ki)alnl?c’, [2c] 
the relation 
(ki)a = 0.5 — (ke)a + {6 — (ke)a}[nle [15] 


is obtained. A (k;)a (c)-plot should therefore approach a straight line at low 
concentrations as (k2), — k,, and the intercept should have a numerical 
value of (0.5-k2). The pertinent curves in Fig. 9 agree with these deductions. 

Of primary interest here is the fact that the limiting slope constants 
obviously and necessarily are connected by the simple relation 

ky te ke =.0.5, [15a] 
which had already been pointed out by Ewart (6) and criticism of which 
by a few authors has no foundation. 

This relation provides an excellent and very severe test for the k,- and 
k»-values obtained with the new procedures. This test is carried out in 
Fig. 11. Its result is very satisfactory considering that the deviations ob- 
served are the composite of the deviations of both k, and kp. The major 


part of the deviations goes to the account of the kp-values, as will become 
apparent shortly. 
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Fig. 11. Test of the Ewart relation k; + hk = 0.5. 


2. Indirect Mutual Check of k, and ke 


An intimately related check which is still more sensitive to deviations 
than the preceding one, may be based upon the relationship between hk, 
and the Baker constant n. On transforming the Baker equation 


Ira ¢ sie ue [6a] 
n 
to 
ter fy) 4 = Dine, [6B] 
c 2n 
and equating it to Hq. [2], the n(ki) relation® 
0.5 Dal 
es fn ae ae = 16 
geste g inn Oe aR: 16) 


is obtained, which leads back to Eq. [15a] on substituting n by 1/2k:. The 
theoretical k:(n) plot is given in Fig. 12. The k, — values of Table III 
and the n-values, derived from the k2-values of Table IV, appear again as 
satisfactory. In contradistinction, the corresponding values, obtained by 
Streeter and Boyer (1) by means of the conventional procedures, are satis- 
factory only for k,-values within the limited range of 0.3 to 0.4. On either 


9 The n(k3)o relation 


[nl [n] cc - ‘) 
= pee kg Oo = —_. * [16 ] 
ee ES Oh )ye oo 2 ; 


is also obtained. Although such an equation is found in the literature, it should be 
emphasized that there exists no simple relation between n and (k3)>» . 
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Fia. 12. Test of the ki(n) relationship. 


side of this limit, the error increases rapidly in a systematic manner. The 
insertion of additional data collected by Streeter and Boyer on solvents 
not considered here, would strengthen further the latter statement; so 
would also the insertion of our own data obtained with the approximate 
graphical methods (line 1 of Table III and line 1 of Table IV). The respec- 
tive approximate procedures are herewith conclusively recognized as 
inadequate.” 

A brief reference may be made here to the fact that the relation shown 
in Fig. 12 provides the fastest and most accurate method of determining 
n-values if the Baker equation is to be used for calculating the concentra- 


On plotting the constants of Streeter and Boyer into Fig. 11, a sigmoid curve is 
obtained which crosses the straight line at k; ~ 0.35. The variation in the systematic 


error with the magnitude of k; and ks is such that a fictitious relation is obtained on 
plotting (ki + ke) vs. ky (Fig. 2, loc. cit.). 
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Fig. 13. The ki((nJ]) and k2([n]) relations. 


tion dependence of viscosity. For other methods see the subsequent paper 
and also (11). 


3. Independent Check of ky and ke 


The value of k, increases and ky. decreases with decreasing [7]. Nothing 
too definite can be predicted for the respective relationships, /; ([n]) and 
ke({n]) except that they have to be antisymmetrical in view of Eq. [15a]. 
Whereas any empirical relation to be found can therefore not be used as a 
criterion of the accuracy of either k, or ky-values (or, instead, of the respec- 
tive [n]-values), it should show which values are more precise, those of ki 
or those of ke. 

Plots of ki([n]) and k2([m]) are given in Fig. 13. The k,([m]) plot yields a 
straight line within the range of [n]-values considered here, so that 


[n] = a — bh [17] 
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where the constants a and b have the values 3.18 and 6.05, respectively. 
Consequently, within the same range of [n]-values, 


[n] = a’ + bke [18] 


where a’ has the value of 0.155, as it should. In view of Eq. [15a] it is, in 
fact, necessary that 
a — a’ = 0.5b; [19] 


it is also necessary that the bisectrice of the two straight lines intersect 
the abscissa at the value of 0.25 and that the sum of the actually drawn 
two intercepts with the abscissa amounts to 0.5. The figure shows, as sus- 
pected, that the scattering of the k.-values is stronger than that of the 
k-values. 

The lack of scattering (except for benzene and decalin) of the k,([{7]) 
data implicitly attests to the high precision of the [y]-values obtained by 
the new procedures. 


4. Check of the ky[{n]?-Values 


In view of the preceding checks, it is, not necessary to test the k,[7]?- 
values obtained separately. It is, of interest, however, to use those data 
for a test of the relationship 


ky{n? = a + ofn] [20] 


proposed by Eirich and Riseman (7). Fig. 14 shows that this relation 
approximates the facts sufficiently well within the narrow range of [y]- 
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Fie. 14. Test of the Hirich-Riseman relation: ki[n]? = a + a(n]. 
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values considered here. Slope and intercept have the values 0.50, and 
—0.14; , respectively." 
According to [20] 


[Gare a 
1 AE [20a] 
whereas, according to [17] 


= [17a] 


Apparently, the range of [n]-values in the solvents discussed is small 
enough (0.56 to 1.36) and the absolute values are close enough to 1.0 to 
make both slopes practically constant, viz., 


~ 2 lela) 5.2 


~ constant 21 
b Hl a 
or 
2 3 
b= tal ~ constant [21a] 


respectively. Strict relationships of which [20] and [17] are approximations 
will be discussed elsewhere. 


IV. APPLICATION OF THE RESULTS TO OTHER TYPES 
oF MEASUREMENTS 


Some of the new equations and procedures discussed above may be 
useful also in connection with other types of investigations, such as meas- 
urements of osmotic pressure and light scattering. It is not intended to 
attempt here a systematic survey of the possibilities. One example will 
suffice. On selecting for the well-known osmotic pressure equation 


ee [22] 


the following higher terms 
2 
rE wet (Me) wre + (2) Beret [22a] 
c eT 
the graphically useful function of the above series results as 


11 Using their different ki[y]?-data, obtained by the conventional procedure, 
Streeter and Boyer (1) also confirmed Eq. [20]. The slope and intercept of the respec- 
tive straight line are 0.53 and —0.12, respectively. This may suggest that, here again, 
the systematic error inherent in conventional slope determinations varies linearly 


with [ny]. 
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This is the osmometric analog of Eq. [4]”. Of interest is the fact that a slight 
transformation yields 


ar (ae ae (im) [24] 
which, upon substituting 
a5 — 8s [25] 
reduces to the Sackur (8) equation as used by Schultz (9) 
3 = 1 = cs [24a] 


In view of the well known relationship between B and the Huggins inter- 
action constant, u, it is now possible to give to s, defined by Schultz as 
the ratio of the so-called ‘‘co-volume”’ to the concentration, a modern 
meaning. Because of [25], it is, in particular, no longer surprising that 
s increases with molecular weight (10). 


SUMMARY 


1. Existing equations and conventional procedures for the graphical 
determination of intrinsic viscosity and slope constants are analyzed. It is 
shown that slope constants obtained by the conventional procedures 
contain a systematic error which varies with the intrinsic viscosity. 

2. Several new equations and procedures are proposed which allow a 
more precise and more accurate determination of intrinsic viscosity and 
slope constants. 

3. Accuracy and precision of the latter data are checked by means of 
relationships existing between the various quantities. 

4. Several new relationships between the various quantities are estab- 
lished and tested. 

5. Attention is drawn to the possible application of the new equations 
and procedures to the evaluation of measurements of osmotic pressure 
and of light scattering. 
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INTRODUCTION 


In a previous communication it has been shown by Basu eé al. (1) that 
the sodium salt of arabic acid behaves as a polyelectrolyte; this has been 
taken to indicate a linear structure of the gum arabate molecule. The work 
has been extended to other gums, and the present paper reports the results 
of similar studies on gum agar. The difference between the acidic character 
of arabic acid and agar acid lies in the fact that whereas the acidity in 
arabic acid is due to the COOH group of the uronic acid segment of the 
molecule, in agar acid this is due to the SO3H group, agar being a calcium 
salt of the sulfuric acid ester of a complex polyearbohydrate. The present 
study has been confined to the free acid and its sodium salt and is expected 
to throw some light on the nature of the molecule and the physical prop- 
erties of its solution. 


EXPERIMENTAL 
Preparation of Free Agar Acid and Its Sodium Salt 


The usual method of liberating agar acid from the gum is to treat the 
aqueous dispersion with hydrochloric acid when the gum is decomposed 
into calcium chloride and free agar acid which can be precipitated out by 
alcohol or acetone. It has, however, been shown by Fairbrother and Mastin 
(2) that the reaction reaches an equilibrium; hence in order to effect a 
complete removal of calcium the gum solution must be made rather strongly 
acidic, which introduces the chance of extensive degradation. In order to 
avoid this complication the gum solution was treated with a solution of 
sodium oxalate when calcium precipitated out as oxalate. The solution was 
filtered and then dialyzed free of sodium oxalate. The dialyzed solution was 
made acidic with HCl and the agar acid precipitated with alcohol. The 
acid was again dissolved in water and dialyzed free of chloride ions. The 
equivalent weight, obtained by electrometric titration with alkali, was 
2213. The ash content of the free acid was 0.7 %. 


574 


STUDIES ON POLYELECTROLYTES. VI 575 


The free acid was converted into its sodium salt by treating it with a 
solution of sodium hydroxide, somewhat in excess of the equivalent amount, 
precipitated with alcohol, again dissolved in water, and dialyzed until 
neutral. 

The molecular weight of the sodium salt, determined osmometrically 
in a NaCl solution, was about 30,000. It is evident, therefore, that even 
in this operation the molecule has undergone degradation. On an average 
there are about 14 acidic groups distributed along the chain per molecule. 

The solutions of free acid and its sodium salt in water were stable for 
at least two weeks when preserved at 15°C. 


Measurement of Viscosity 


The viscosity measurements were done with two Ostwald capillary visco- 
meters of flow times 3 minutes 22 seconds and 4 minutes 37 seconds, re- 
spectively, with water at 35° + 0.1°C. The specific and relative viscosities 
were calculated with the use of the following relations: 

pil 


relative viscosity = n/n = ors 
p 


specific viscosity = ns» = el 
uly 


where 7 and 7» are the viscosities, p; and p the densities, and ¢, and ¢ the 
time of efflux (in seconds) for the solution and solvent, respectively. In 
the range of dilute solutions used, the difference in densities between solu- 
tion and water was insignificant and no density measurements were made. 

The results of viscosity measurements with and without added electro- 
lytes and also at various pH’s are shown graphically in Figs. 1-3. 


Discussion 


It may be observed from Figs. 1 and 2 that the 7:,/c versus c plot for 
both free acid and its sodium salt in solution increases rapidly with dilu- 
tion, which evidently indicates an increase in hydrodynamic volume 
unit. This observation may reasonably be explained from the considera- 
tion of folding-unfolding properties of high molecular chain compounds, 
i.e., repulsion between similarly charged centers on the agar chain causing 
the molecule to extend, which evidently increases with an increase in the 
extent of electrolytic dissociation, 7.e., with increased dilution. 

Various 7,/c¢ versus c curves for agar acid in the presence of different 
amounts of H,SO, and for sodium salt in the presence of different amounts 
of NaCl are also given in Figs. 1 and 2. It may be observed that the sharp 
rise at lower concentration disappears and is replaced by a bell-shaped 
curve with a well-defined maximum which shifts towards higher concen- 
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Fie. 2. Viscosity of Na-agarate in presence of NaCl. 


tration of solute as the added electrolyte concentration is increased. At 
sufficiently high concentrations of electrolyte the curves in both cases are 
perfectly linear, resembling those of a neutral polymer. This type of vis- 
cosity behavior has been noticed in the case of a large number of high 
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=O 4 Bh, 1e 
Fia. 3. Effect of pH on the viscosity of Na-agarate solution. 


molecular weight ionic compounds and fits the general behavior of poly- 
electrolytes. 

Although both free agar acid and its sodium salt behave as polyelectro- 
lytes, signifying a chainlike character of the agar molecule, there is a charac- 
teristic difference in the structural details of the free acid and its sodium 
salt in solution. Although the reduced viscosity rises with dilution in both 
cases, the absolute value of reduced viscosity for free acid is much higher 
than that for its sodium salt. We may explain this on the assumption of 
the formation of hydrogen bonds in free acid, but there is no way of estab- 
lishing this point unequivocally. 

The variation of relative viscosity of a solution of the sodium salt of 
agar acid with pH also follows a course similar to that of the sodium salt 
of arabic acid (Fig. 3). Over a pH range of 6 to 8, n/no stays almost con- 
stant and drops rather sharply on either side of the range. The curves 
could not be retracted by neutralizing the acid or alkali, but could be by 
dialysis. Substantial part of this curve can therefore be explained by the 
folding-unfolding phenomenon of the chain molecule in the presence of 
electrolyte—an explanation that has also been suggested for arabic acid. 

Incidentally it may be noted that the variation of relative viscosity with 
pH is exactly similar to the variation of relative swelling with the pH of 
gum agar (2). If we are permitted to draw a conclusion by analogy, the 
swelling may be explained as the expansion-contraction of the cross- 
linked polyelectrolyte in a medium of different pH’s. In fact it has been 
shown by Katchalsky (3) that a network of a cross-linked synthetic poly- 
electrolyte does expand and contract reversibly on changing the degree of 
ionization. Our present interpretation receives further support from the 
fact that free agar acid does not form gel, while its calcium salt, in which 
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interchain cross-linkings may be established through the calcium atoms, 
does. 

An important fact emerges from our studies on arabic and agar gums: 
the polyelectrolyte character is dependent on the charge on the chain mole- 
cule and not on the chemical nature of the group contributing the charge, 
because both arabic and agar gums show similar physical characteristics, 
although in one case the charge-producing group is the COOH group, 
whereas in the other it is the SO3H group. 
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SUMMARY 


Measurements of viscosity with varying concentration of solute, with 
and without added electrolyte, and at different pH’s of solutions of agar 
acid and its sodium salt are reported. A connected explanation of the 
observations has been formulated on the assumption of the polyelectrolytic 
character of the molecule. A tentative explanation has been put forward 
for the phenomenon of the swelling of agar gum in water at different pH’s. 
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ABSTRACT 


1. Monolayers of polyvinyl benzoic acid (P.V.B.A.), of poly ortho- vinyl pyridine, 
and poly para- vinyl pyridine as well as of copolymers containing varying propor- 
tions of vinyl benzoic acid (V.B.A.) and 2-vinyl pyridine (2-V.P.) were investigated. 
These polymers were spread on the air-water interface of buffer solutions of constant 
ionic strength and of various pH values, and their surface pressure and potentials 
were measured. 

2. The measured surface potentials and pressures of poly 4-vinyl pyridine (4 
P.V.P.) were smaller than the corresponding potentials and pressures of poly 2- 
vinyl pyridine (2 P.V.P.) at the same surface concentration. From these results it 
was concluded that there is a higher probability for the trans- than for the cis-con- 
figuration of the pyridine residues in the polymeric chain. 

3. In the case of polyvinyl benzoic acid and the polyampholytes, strong inter- 
molecular forces are evident. As a result, equilibrium pressure values were reached 
very slowly after a certain surface area was established. The forces acting in the 
case of P.V.B.A. are due to hydrogen bonds and, in the case of the polyampholytes, 
in the neighborhood of the isoelectric point, are due to both hydrogen bonds and 
electrostatic attraction of oppositely charged monomeric residues. 

4. The pH of the solution has only negligible influence on the surface pressures 
and potentials of 2-P.V.P. and 4-P.V.P. until a pH value is reached where the film 
starts to dissolve. At this point both the pressure and the potential drop suddenly. 
The influence of pH is more pronounced in the case of P.V.B.A. and is quite striking 
in the case of polyampholyte films. The contractive forces prevent the dissolution of 
the hydrophilic units in the surface. They are balanced by repulsive forces which 
arise from the net charge of the surface film. 


INTRODUCTION 


The investigation of the surface behavior of polyelectrolytes may be 
considered as a means for understanding part at least of the possible 
biological processes at interfaces. The behavior of synthetic and natural 
polyelectrolytes at water interfaces is therefore of considerable interest. 

Protein monolayers have been extensively studied during the last 20 
years (1), and a great deal of information about their structure and prop- 
erties has been obtained. Recently ionization studies of protein monolayers 
spread on buffer solutions at various pH values have been carried out (2). 

Relations between surface potential of polypeptide monolayers and the 
orientation of their functional groups in the surface have recently been 
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discussed by Davies (3). Special consideration has been given to the orien- 
tation of the NH»-groups of polypeptide and protein monolayers con- 
taining lysine. These groups are known to play an important part in 
biological activity. 

During the last five years various attempts at understanding the be- 
havior of adsorbed as well as of spread synthetic polyelectrolytes on water 
interfaces have been made (1, 4, 5, 6). 

This paper deals with spread monolayers of polymers and copolymers 
containing 2- and 4-vinyl pyridine (2-V.P. and 4-V.P.) and 4-vinyl ben- 
zoic acid (4-V.B.A.). One can draw conclusions about the composition 
and orientation of the polymers in the surface from surface pressure and 
potential measurements. From such results the relation between the be- 
havior of these polyelectrolytes in surface monolayers and in water solu- 
tions can be derived. This behavior is in both cases a function of 
electrostatic and van der Waals’ forces, as well as of hydrogen bonding. 
These forces cause intra- and inter-molecular interactions. The amount 
of hydrogen bonding and the strength of the interacting forces are a func- 
tion of the pH and of the ionic strength of the substratum. 


EXPERIMENTAL 
1. Synthesvs of the Polyelectrolytes 


a. Monomers. The 2-V.P. and 4-V.P. used for the polymerization were 
obtained by the distillation of commercial vinyl pyridines at reduced 
pressure. The 4-V.B.A. was prepared by the method of Marvel and Over- 
berger (7). 

b. Polymers. The polymerizations were carried out at 50°C. in alcohol 
solution with 0.5 % H».O2 as a polymerization initiator. 

The two types of P.V.P. were subjected to a rough fractionation. The 
fractionation was done by precipitation of the polymers with ethyl ether 
from an alcoholic solution. Only two fractions from each polymer were 
collected. The molecular weights were determined by light scattering of 
alcoholic solutions of the polymers. In the case of 4-P.V.P. the degrees of 
polymerization of the two fractions were about 450 and 800, and for 2- 
P.V.P. they were about 350 and 600 monomeric units. 

As no molecular-weight-dependent differences in the measured surface 
properties of the polymers could be detected, no further fractionations 
were done. 


The degree of polymerization of P.V.B.A. was found to be about 320 
monomeric units. 

In order to obtain the copolymer, benzoic acid and 2 vinyl-pyridine of 
different proportions were dissolved in alcohol. H.O. was added as an 
initiator. The polymerization was carried out until about 30% conversion 


was achieved. The polymer composition was determined by elementary 
analysis and by titration of the carboxyl groups. 
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TABLE I 
Copolymerization of 2-V.P. with V.B.A. 


Monomer compo- 


Copolymer ps asl @ % Conversion PEAS ee (ens ce once 
2-V.P. V.B.A. 2-V.P. V.B.A. 2-V.P. V.B.A. 
I 4 16 26 29.2 70.8 35.6 64.4 
II 8 12 33 47.5 52.5 55.7 44.3 
Ill 12 8 30 60.6 39.4 68 32 
IV 16 f 3l (650 23.5 82.3 alee 


All the data concerning the preparation and the composition of the 
copolymer are given in Table I. 


2. Measurements 


The pressure-area measurements were made on a modified (8) Lang- 
muir-type surface balance which was enclosed in a Faraday cage in order 
to permit taking simultaneous surface-potential measurements. The sur- 
face potential was obtained by measuring with a Cambridge potentiom- 
eter, the potential between a polonium-coated silver ‘air electrode” and 
two calomel electrodes immersed in the solution at different parts of the 
tray. 

In order to obtain monolayers the polymers were dissolved in a 50% 
alcohol-benzene solution. A measured amount of this solution was spread 
on the surface of a buffered water solution of ionic strength 0.02. Care 
was taken to avoid having polyvalent ions in the bulk solution of sign 
opposite to the net charge of the polymers in the monolayer (cf. reference 
6). Organic ions were not used for buffering the solution. 


RESULTS AND DISCUSSION 
1. Polyvinyl Pyridine 


Surface pressure (P) and surface potential of 2- and 4-P.V.P. films were 
measured as a function of area (A) per monomeric unit. The measure- 
ments were performed on films spread on solutions buffered to pH values 
of 3.7, 4.4, 6.5, and 10.5. It was observed that in the presence of CO 
films which were spread at higher starting surface concentrations reached 
a higher final potential after compression than those spread at lower sur- 
face concentrations. This was avoided by passing a CO>-free air stream 
through the cage which enclosed the tray carrying the film. 

The surface pressure and potential values of 2-P.V.P. and 4-P.V.P. at 
pH 10.5 and 3.7 are given in Fig. 1A and 1B, respectively. From the 
figures it is evident that of these two polymers 2-P.V.P. has a higher sur- 
face potential and surface pressure than its isomer. The higher surface 
potential of the 2-P.V.P. as compared with 4-P.V.P. at equal surface area 
is out of line when compared with dipole moments of analogous monomeric 
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Fig. 1. Change of surface pressure and surface potential with area per monomeric 
residue in monolayers of 2-P.V.P. and 4-P.V.P. A, substratum at pH 3.7; B, sub- 
stratum at pH 10.5. 


P = surface pressure. V = Differences between potentials measured in absence 
and presence of the monolayer. 


compounds: e.g., 4-picoline (2.57 Debye units) and 2-picoline (1.72 Debye 
units) (9). The surface orientation of the polymers provides the only 
explanation for this behavior. Assuming a true dipole moment yp of 2.57 
Debye units for a monomer residue of 4-P.V.P. and 1.72 Debye units for 
a residue of 2-P.V.P., we are able to calculate by means of the Hemholtz 
equation, AV = 47nu cos 6, the mean values of cos 6, where @ is the angle 
between the dipole and the vertical to the surface and n is the number of 
dipoles per square centimeter. For example, when the surface area is 
40 A per residue, the surface potentials of 4-P.V.P. and 2-P.V.P. on a 
basis substratum are 275 mv. and 520 myv., respectively. In this case the 
calculated angles between the dipoles and the vertical to the surface are 
83.3° for 4-P.V.P. and 71° for 2-P.V.P. The interpretation of the higher 
degree of orientation in the case of 2-P.V.P. is thus as follows: In order to 
obtain the maximal surface potential all the polar ground should point 
perpendicularly toward the surface. This orientation requires in the case 
of 4-P.V.P. that the pyridine groups all be in cis«position to each other. 
Hach deviation from the “‘c?s” position alters the angles between the direc- 
tion of the dipole and the vertical to the surface from 0°, and diminishes 
the observed surface dipole moment. However, the cis configuration is 
statistically highly improbable, especially when taking into account that 
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Fra. 2. Model of a segment of 2-P.V.P. lying in the surface, viewed from the 
water phase. Dimensions of the area covered by a pair of monomers in the surface 
are given in the figure. 


parallel dipoles repel each other. The energy due to repulsion between two 
parallel dipoles having a dipole moment of 2.5 Debye units at a distance 
of 5.1 A. is about 2.5 kT. On the other hand, the antiparallel configuration, 
which is energetically very probable, does not contribute anything to the 
surface potential. 

In the case of 2-P.V.P. the situation is quite different. Owing to the free 
rotation around the link which connects the pyridine group to the main 
chain, the dipole moment can always be oriented in the direction of maxi- 
mal contact of the polar group with the water surface. The pyridine groups 
may for instance be all in trans position to each other and at the same 
time the dipoles may point perpendicularly toward the surface (Fig. 2). 
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The limiting surface area is smaller for 4-P.V.P. (34 A.*) than for 2- 
P.V.P. (41 A2). The calculated net area per vinyl pyridine residue, when 
pointing perpendicularly toward the surface, is about 10.5 A.. The net 
area per pair of neighboring vinyl pyridines, lying in the surface in the 
trans position, is about 63 A2, or 31.5 A? per residue. Ascribing to both 
polymers a similar rigidity along the main chain, one would have to ex- 
pect the mutual orientation of the side groups to determine the surface 
areas at equal potentials. Hence if 4-P.V.P. were to preserve the cvs and 
2-P.V.P. the trans configuration, the difference between their limiting 
areas should be larger then actually measured. Consequently a random 
constellation of the residues in both cases has to be assumed. There is 
only a trend toward the czs configuration in the case of 4-P.V.P. and to- 
ward the trans configuration in the case of 2-P.V.P. 

With regard to the behavior of the surface films at different pH values, 
it was found that there is an increase in the surface potential and a de- 
crease in surface pressure for constant area with decreasing pH. The in- 
crease in surface potential comes from the electrostatic field of the 
electrical double layer created by the ionization which acts parallel to the 
field of the dipoles in the surface. Although the potential changes con- 
tinuously for the pH values 10.5, 6.5, 4.4, and 3.7 (at a lower pH the film 
dissolves), the main change in the surface pressure occurs between pH 
10.5 and 6.5, the surface pressure at pH lower than 6.5 remaining constant. 

The fact that the surface pressure is at first constant and then decreases 
as the pH of the substrate is decreased is not obvious. What would actu- 
ally be expected is that the pressure should increase owing to the increase 
of repulsive forces between the charged segments. The behavior described 
above indicates, therefore, that the ionized monomers tend to dissolve in 
the water. This gives a picture of a floating polymer chain attached to the 
water surface by the more hydrophobic unionized residues, whereas the 
soluble ionized monomeric units tend to enter the water phase. As will be 
seen later, the picture is slightly different when there are intra- and inter- 
molecular attractive forces. 


2. Poly 4 Vinylbenzoic Acid (P.V.B.A.) 


The carboxylic groups of P.V.B.A. interact by hydrogen bonding. This 
interaction is strongly evidenced by the surface films. After compression 
or expansion at pressures of about 1 dyne/cm. or higher the final pressure 
is not instantaneously established. With compression a sudden increase in 
the surface pressure occurs which at first decreases very rapidly and 
reaches a final value after about 40 to 60 minutes. The same surface pres- 
sure as with compression is reached after a similar time interval by ex- 
panding the film from a lower surface area to the area at which the pres- 
sure is to be measured. Immediately after expansion the surface pressure 
drops to zero and then rises asymptotically to the final value. In order to 
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perform the measurements faster the final surface-pressure values were 
obtained through interpolation of values taken at different times after 
expansion and compression of the film to the same area. The same pro- 
cedure was followed in the case of the polyampholytes, where the intra- 
molecular forces and, therefore, the time effect were also very pronounced. 

The time effect is a consequence of a slow rearrangement process after 
expansion or compression. We assume that the rate of this process is de- 
termined by an activation energy which must be supplied in order to break 
intramolecular bonding—in this case, presumably, hydrogen bonding— 
before a new surface configuration corresponding to the new area can be 
established. A time effect is expected in polymer films generally because 
the molecular rearrangements corresponding to the change of area take a 
finite time. As is made evident from the behavior of films of polyvinyl 
pyridine and other polymers lacking specific intramolecular interactions, 
however, the time effect from this source is negligible. 

As is seen from Fig. 3, the limiting area on an acid substrate is about 


22 


Fic. 3. P and V versus area per monomeric unit of P.V.B.A. Monolayer for various 
pH values of the substratum. 
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9.6 A.2, which is considerably lower than in the case of both 2-P.V.P. and 
4-P.V.P. The limiting area increases slightly with increasing pH of the 
substratum, probably owing to electrostatic repulsion, until it reaches a 
maximum at about pH 5. At still higher pH values dissolution of the poly- 
meric film begins to take place. At pH 6.7, for instance, the polymer mole- 
cules seem to be partly submerged in the water and the limiting area 
drops to about 8.3 A. 

The exceptionally low areas indicate that the polyiiee molecules are 
not fully spread in the surface. The picture at low pressures is probably 
that of separate polymer molecules of a thickness of more than the length 
of one monomeric unit floating on the surface. The slightly bulky con- 
figuration of the P.V.B.A. in the surface can be attributed to intramole- 
cular interactions through van der Waals’ forces and hydrogen bonds. 
The state in which the P.V.B.A. molecule persists cannot therefore be 
considered as a nonequilibrium state and spreading is complete. There 
exist in all the kinds of polymeric molecules interaction forces which op- 
pose the spreading or which tend to cause parts of the molecules to sub- 
merge into the solution. The assumption consequently of a freely coiled 
chain floating flat in the surface is in all cases an idealization. The devia- 
tion from that ideal state depends on the intramolecular forces. At higher 
pressures, obviously, when the different segments of the molecule are 
forced close together and the interactions increase, the deviation from the 
ideal monomolecular layer increases too. 

The surface potential also is influenced by the pH of the substratum. 
The maximum potential decreases continuously from about 325 mv. at 
pH 1.5 to about 190 mv. at pH 6.7. The change in the surface potential 
may be attributed to three factors: (1) to the change of the dipole moment 
of the ionized group; (2) to the change in the electrical double layer; and 
(3) to the partial dissolution of the ionized groups. The electrical field 
created by the ionized carboxylic groups in the surface and their counter 


©) 
a, 


ions OS — M?* is opposite in direction to the field of the dipoles of the 


O 
—O- 
unionized groups +h . Consequently the surface potential decreases 
OH 


with increasing pH. The solution of the carboxylic group would cancel the 
effect of ionization, because the carboxylic group would be symmetrically 
surrounded by the counter ions. It seems, therefore, that the partial dis- 
solution of the ionized groups plays an important part at high pH values 
only. In order to obtain a more definite idea about the contribution of 
each of the above factors to the surface potential, potential measurements 
should be made for different ionic strengths of the substrate. 


PROPERTIES OF POLYELECTROLYTE MONOLAYERS 587 


3. The Polyampholytes 


The copolymers of 2-V.P. and V.B.A. give good monomolecular films at 
pH values close to the isoelectric point. In very acid or very alkaline solu- 
tions the ampholytic monolayers dissolve. The surface potentials at dif- 
ferent pH values are even more complicated than in the case of monolytic 
polymers. Since no measurements at varying salt concentration of the bulk 
solution have yet been made, the results of the potential measurements 
are not given in this paper. 

In the neighborhood of the isoelectric point, charges of both signs are 
present on the polymeric chain and long-range attractive forces are added 
to the short-range hydrogen bonds and van der Waals’ forces. By changing 
the pH of the solution in both directions, we get superposition of repulsive 
and attractive forces. Charges of opposite signs tend to form zwitterions. 
The zwitterions formed, as well as the hydrogen bonds, increase the ri- 
gidity of the polymeric molecule in their immediate vicinity. The net 
effect is thus a masking of the hydrophilic groups and a restriction upon 
their dissolution. On the other hand, the presence of an excess (or net) 
charge, which is positive on the acidic and negative on the basic side of 
the isoelectric point, tends to increase the dimensions of the polymeric 
molecule in the surface. Hence at equal pressures the areas are smallest at 
the isoelectric point and should increase with both decreasing and in- 
creasing pH. As shown in Fig. 4 for copolymer II containing 47.5% V.P., 
this is found to be the case. From the figure it can be seen that at pH 2.3 


Fic. 4. Pressure as a function of reduced area A/A; (ratio of the area at a given 
pH to the area at the isoelectric point) for monolayers of copolymer IJ containing 
47.5% 2-V.P. Substratum at various pH’s. 
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Fic. 5. Reduced area A/A; (ratio of the area at a given pH to the area at the 
isoelectric point) versus pH at P = 0.5 dyne/em. for three different copolymers: 


I Containing 35.6% 2-V.P. 
III Containing 68% 2-V.P. 
IV Containing 82.38% 2-V.P. 


and 7.25, at all surface pressures, the area per residue is greater than at 
pH 4.5, which is roughly the isoelectric point. Above pH 7.25 and below 
2.3 dissolution of the monolayer starts. 

The increase of surface area per monomer is not symmetrical about the 
isoelectric point. As shown in Fig. 5, it is in all cases larger on the alkaline 
than on the acid side. This can be understood by taking into consideration 
the hydrogen bonding between the carboxyl groups. The number of these 
hydrogen bonds diminishes very fast on the alkaline side where the car- 
boxyl groups are ionized. On the acid side the positive charge density on . 
the polymeric chains has to be high enough to break the hydrogen bonding 
by electrostatic repulsion. (In principle the behavior in the surface is 
analogous to that in the bulk (cf. reference 10)). When this charge density 
is reached, however, the polymer film starts to dissolve. The reduced area 
A/A; (A; indicates the area at the isoelectric point) is influenced not only 
by the pH of the solution but also by the surface pressure. A /A; decreases 
with increasing surface pressure (Fig. 6). This behavior is in agreement 
with the decreasing compressibility re of the film at higher surface 
pressures. The compressibility reaches a minimum before the film is dis- 
solved or is expelled from the surface. 

From Fig. 7, it is evident that the surface area per residue is a function 
of the composition. It is plausible that the increase of hydrogen bonding 
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Fig. 7. Pressure-area curves of monolayers of different polyampholytes at the 
isoelectric point compared with 2-P.V.P. and P.V.B.A. 
Polymer compositions: 
I 35.6% 2-V.P.; 64.4% V.B.A. 
II 55.7% 2-V.P.; 44.3% V.B.A. 
III 68% 2-V.P.; 32% V.B.A. 
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with increasing vinyl benzoic acid content of the polyampholyte plays a 
great part in the change of the surface area with polymer composition, 
although the influence of zwitterions and to a smaller extent of the ortho 
and para compositions should not be neglected. These changes are moder- 
ate when the 2-V.P. content in the copolymer changes from 35.6 to 68 
mole per cent. When however, the 2-V.P. content increases from 68% to 
82.3% and 100%, the change in surface area per monomeric unit 1s con- 
siderably higher. The following consideration is intended as a qualitative 
explanation of this behavior: 

The comparison of the pressure-area curves of the different polymers 
was made at their isoelectric point. In the monolytic polymers the isoelec- 
tric point corresponds to the undissociated state, and the number of zwit- 
terions is zero. The total number of zwitterions is highest in the 
copolymers in which the content of both groups (2-V.P. and V.B.A.) is 
about equal (10). At this composition the contraction due to electrostatic 
interaction is maximal. The contraction due to hydrogen bonding increases 
with increasing content of vinylbenzoic acid in the copolymer and reaches 
its maximum for pure P.V.B.A. The combined effect of both kinds of in- 
teractions satisfactorily explains the measured surface areas of the various 
copolymers. 
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INTRODUCTION 


The reduced viscosity of polyelectrolytes in solutions containing no 
added salts has been found in a number of cases to increase markedly with 
increasing dilution, but it appears that no confirmative information has 
yet been obtained as to whether such an increase of reduced viscosity 
persists up to the limit of infinite dilution, or whether, even if this is the 
case, the curve can be extrapolated to give a finite intrinsic viscosity. If 
we consider the fact that most of the reported data on the reduced viscosity 
of polyelectrolyte solutions in the absence of added salts can be satisfactorily 
fitted, at least to the lowest concentrations used in the particular experi- 
ments, by the so-called Fuoss viscosity equation (1), it appears reasonable 
to expect that the rising trend of the curve may actually be maintained to 
zero concentration in accordance with the Fuoss equation. 

In the course of a recent investigation on the viscosities of dilute aqueous 
solutions of a sample of sodium carboxy methyl cellulose (Na-CMC) 
whose average degree of polymerization and degree of etherification were, 
respectively, about 400 and 0.7, we observed that the reduced viscosity in 
the absence of added salt reached a maximum in the vicinity of a concen- 
tration of 0.005 g./100 ml. and then fell off rapidly with further decrease 
in concentration. This behavior is different from the type which may be 
expected on the basis of previous experimental data or of the Fuoss 
viscosity equation. Moreover, it is difficult to interpret it in terms of the 
current theory of linear polyelectrolyte molecules in dilute solutions. 
According to this theory, the diminishing of the polymer concentration 
causes an uncoiling of the polyelectrolyte chain owing to an increase in 
the repulsive forces of its charges, thus giving rise to a steady increase of 
the reduced viscosity with increasing dilution. 

It seemed interesting and desirable to investigate whether there is really 
a maximum point in the reduced viscosity plot of a polyelectrolyte in 
solution containing no added salt or whether our finding on Na-CMC was 
only an apparent one brought about by our experimental errors. We have 


591 


592 HIROSHI FUJITA AND TERUTAKE HOMMA 


therefore undertaken a series of careful viscosity measurements in capillary 
viscometers with four samples of Na-CMC, down to the lowest concentrar 
tions where reasonably reproducible data could be obtained. Thus, the 
lowest concentrations used were about 0.0003 g./100 ml. for the two 
higher molecular weight samples, and about 0.0005 g./100 ml. for the 
other two samples of lower molecular weights. The results of these viscosity 
measurements are reported in this paper. 


]}eXPERIMENTAL 
1. Materials 


Four samples of sodium carboxy methy] cellulose (Hercules Powder Co.) 
were kindly given us by Mr. H. Inagaki (Department of Textile-Chemistry, 
Faculty of Engineering, Kyoto University); these were designated, re- 
spectively, as ‘“Superhigh Viscosity Type,” “Premium High Viscosity 
Type,” ‘Premium Medium Viscosity Type,” and ‘‘Premium Low Viscosity 
Type.” They were thoroughly purified by alcohol precipitation as described 
by Pals and Hermans (2), and also used in our previous work (3) on a 
sample of Na-CMC. All solutions were prepared with water doubly 
distilled in alkaline solution over potassium permanganate. Great pre- 
caution was always taken to avoid leaching alkali from the glassware into 
the test solutions. The stock solutions, except for the case of the lowest 
molecular weight sample, 7.e., “Premium Low Viscosity Type,’ were made 
up at low concentrations of about 0.05 g./100 ml., since otherwise a serious 
drainage error might have been introduced in diluting them with the pipet 
owing to their high viscosities. They were filtered successively through 
finely sintered glass filters before use, and care was always taken to prevent 
contamination with dust particles as much as possible. The concentrations 
of each set of solutions were calculated, on the assumption of no volume 
change on dilution, from the concentration of the most concentrated (7.e., 


stock solution), which ‘vas determined by careful evaporation of a weighed 
portion. 


2. Viscometry 


The three Ostwald type viscometers used in our previous work (3) were 
also used, the dimensions and flow times for water at 25°C. of which are 
recorded in the previous paper (3). The free-fall method was employed 
throughout, so that no account was taken here of the correction for shear- 
rate effects. However, there is no doubt that such highly viscous solutions 
of polymer as dealt with in this work should exhibit a marked non- 
Newtonian behavior, as may be inferred, for example, from recent investiga- 
tions on some Na-CMC samples by Akkerman, Pals, and Hermans (4) 
and by us (3). Our present study therefore has only relative rather than 
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absolute value. The kinetic energy correction was unnecessary in all cases 
examined. The drainage error was assumed to be negligible. 

All measurements were made at 25.000° + 0.001°C. in a specially 
designed constant-temperature bath. A double-layer thermostated water 
bath was enclosed by a thick-walled air-thermostated bath, maintaining 
vigorous agitation in each. Each section of the thermostat was controlled 
with sensitive thermoregulators connected with electronic relays and 
suitable heaters. The agitation system was constructed so that the bath 
might be freed of any mechanical disturbance from the driving motors. 
When the temperature in each bath was appropriately adjusted, the 
variation was not readable on a Beckmann thermometer mounted in the 
inner bath over the whole period of a particular set of measurements. The 
viscometer was clamped to the side wall of the water bath with a special 
clamp so as to ensure that the position was always exactly the same. The 
efflux time was measured with a stop-watch reading to an accuracy of 0.1 
sec. At each concentration the flow times were repeatedly measured until 
at least duplicate runs checked within a desired accuracy (generally 0.3 
sec., but for 7s» < 0.1, 0.1 sec. or more). Flow times decreasing regularly 
with the repetition of the measurements were occasionally obtained, 
generally at high specific viscosities. When such occurred, the viscometer 
was carefully cleaned, the new solution was prepared and pipeted into it, 
and the viscosity run was repeated. Each set of measurements for a given 
sample was started after the solution was allowed to stand generally for 
one day. This period of standing may have been too short to stabilize the 
solution fully. 

Successive dilutions of the stock solution were made volumetrically, 
measuring all volumes with a single pipet. In order to prevent the ambiguity 
arising from dilution errors, each concentration was prepared from the 
stock solution through two or three different dilution steps, and the vis- 
cosities of such differently prepared solutions were individually determined, 
with the desired value obtained by averaging them. when they were in 
accord with each other within the demanded degree of accuracy. Although 
in this way care was taken to avoid the concentration error due to dilution, 
flow times were occasionally obtained such that the reduced viscosities 
derived from them were far out of line with the other results. In such 
instances the experiment was repeated as mentioned above. Such repetition 
of the measurement was frequent at concentrations below 0.002 g./100 ml. 
where data deviating by a factor of several per cent or even of 10 per cent 
were sometimes found; but, in contrast, such abnormality was hardly ever 
encountered at concentrations above 0.005 g./100 ml. in all samples 
studied. Although it is not clear to us why the measurements were not 
very reproducible at small concentrations below the order of 0.002 g./100 
ml., we suppose that it is a consequence associated with a very unstable 
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state of polyelectrolyte molecules in solutions of very low ionic strengths. 
The adsorption effect may also play an important role in making the 
reproducible measurements difficult in such a region of very small concen- 
trations. It must be remarked, however, that the capillary viscometers 
used were not always suitable for accurate viscosity measurements at such 
low concentrations owing to their relatively short efflux times for water 
at the desired temperature (about 300 sec.). We are planning a viscometry 
of higher precision, along with an elaboration of the shear-rate correction 
which was neglected completely in this work. 


3. Determination of Degrees of Polymerization 


As in the previous study (3), we estimated the average degrees of 
polymerization (DP) of the samples from the intrinsic viscosities, 
[nlov-naon, in 2N-NaOH, using the Kagawa-Fukuda formula (5), although 
it is doubtful whether this formula can be applied with reliability to such 
fairly high molecular weight samples as those investigated here. Osmotic 
pressure measurements are in progress in a modified Zimm-Myerson type 
osmometer to obtain more direct information about the sizes of the poly- 
electrolyte samples used, but we have not yet had much to report here. It 
seems rather immaterial at the present stage of our viscometric investiga- 
tion to know the exact values of the molecular weights of the samples, 
because the viscosity data presented here are not corrected for the 
shear-rate effect, and therefore we are not yet in a position to be able to 
discuss the intrinsic viscosity—molecular weight relation in detail. 


4. Determination of Degrees of Etherification 


The degree of etherification of each polymer salt was determined by 
dissolving its ash into a 0.3 N-H.SO, solution and titrating the mixture 
with a 0.3 N-NaOH. The analysis was repeated at least twice, and the 
values obtained were averaged to give a final result. 


RESULTS 
1. Characteristics of the Na-CMC Samples 


The viscosity average degrees of polymerization, DP, the intrinsic 
viscosities, [j]2v-Naon, In 2N-NaOH solution, and the degrees of etherifica- 
tion, DE, of the four Na-CMC samples used are recorded in Table I. It 


TABLE I 
Some Characteristics of the Na-CMC Samples Investigated 
Sample DP DE [nly N—Na0OH 
PL 180 0.71 1.44 
PM 320 0.60 2.38 
PH. 760 0.64 D215 


SH 1050 0.78 9.05 
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Fie. 1. Reduced viscosity, nsp/c, vs. concentration, c, curves for four Na-CMC 
samples at 30°C. As to the sample designation attached to the curves, see Table I. 


proves from the table that the DE values are nearly equal for the four 
samples, whereas their DP values are extended over a fivefold range. The 
abbreviations, PL, PM, PH, and SH, used in the table represent the exact 
designations, ‘‘Premium Low Viscosity Type,” ‘‘Premium Medium Vis- 
cosity Type,” “Premium High Viscosity Type,” and ‘“‘Superhigh Viscosity 
Type.” These abbreviations will be used throughout the presentation given 
below. 


2. Viscosity 


The viscosity data obtained in aqueous solutions are shown graphically 
in Fig. 1, wherein the reduced viscosity, nsp/c, is plotted against the 
polymer concentration, c (in grams of solute molecules per 100 ml. solution), 
for the four samples studied. 

As can be seen from the figure, the reduced viscosities of samples PL 
and PM initially increase with dilution, as usually reported in the literature, 
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Fig. 2. Reduced viscosity vs. concentration curves for samples PL in two different 
concentration ranges. 


but reach a maximum at a concentration of about 0.005 g./100 ml., and 
then fall off rather rapidly with further decrease of concentration to give 
a definite intrinsic viscosity value. The maximum point is shifted some- 
what to a lower concentration as the molecular weight increases. The 
initial slope of the plot is also steeper as the molecular weight becomes 
large. Figure 2 illustrates the reduced viscosities of sample PL over a 
wider concentration range, with a magnified ordinate axis. A graph showing 
the details at concentrations below about 0.008 g./100 ml. is also inserted 
in the figure. The upward curvature of the curve in the region above c = 
0.005 g./100 ml. is markedly similar to those which were found by previous 
workers for various polyelectrolytes, but at the same time we can confirm 
with reliability a maximum of 7,,/c appearing really at a finite but very 
small concentration. This justifies the validity of our previous finding 
mentioned in the introduction of this paper. From the upper graph in 
Fig. 2 the plot can be extrapolated to give an intrinsic viscosity [n] of about 
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21. However, this [n] value has to be accepted with reservation because 
values of 7.)/c at concentrations below about 0.002 g./100 ml. were not 
always reproducible, and therefore the plotted experimental points may 
involve considerable errors. That the points so regularly arranged up to as 
low concentrations as 0.0005 g./100 ml. (where the value of 7,, was of the 
order of 0.01) were obtained as can be seen in the figure is considered 
rather fortuitous. A graph similar to Fig. 2 was prepared with the data of 
sample PM, with the [n] value found to be about 41. 

The reduced viscosities of both PH and SH are seen to exhibit a type of 
behavior markedly different from that for the lower molecular weight 
samples as mentioned above. The viscosity plots of these higher molecular 
weight samples show neither a maximum nor the usual upward curvature 
with dilution, but are nearly horizontal over most of the concentration 
range examined, except at very small concentrations where each curve 
falls off so rapidly as to render the reliable extrapolation to infinite dilution 
practically impossible. A drastic extrapolation of each to infinite dilution 
yields: [n] = 83 for sample PH, and [n] = 115 for sample SH. It is apparent, 
however, that these values have to be accepted with more reservation 
than in the case of the lower molecular weight samples, because the 
influence of the rate of shear should be much more pronounced for such 
extremely high intrinsic viscosities. If these values were corrected to zero 
shear rate by means of a suitable method of extrapolation, values would 
be obtained which are far higher than those determined at finite rates of 
shear. For this and other reasons (for example, the difficulty of making 
reliable experiments at high dilutions), all the [n] values recorded here 
have a relative rather than absolute value. Nevertheless, we believe that 
the relative behavior of the viscosity curves presented would not be changed 
substantially even if the correction for rate of shear were applied. In Fig. 
3 the [n} values are plotted against the DP values on a log-log graph, 
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Fic. 3. The intrinsic viscosities in pure water plotted against the viscosity aver- 
age degrees of polymerization calculated from the intrinsic viscosities in 2 N—NaOH. 
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although it is:apparent that this plot is of relative value because the degree 
of etherification was not exactly the same for the samples and because no 
correction of the shear rate was applied. 


DISCUSSION 


Our experiments have demonstrated.a large decrease of Nsp/C occurring, 
irrespective of the molecular weights of the samples used, at concentrations 
below about 0.008 g./100 ml. It is difficult to explain this behavior on the 
basis of the current theory of linear polyelectrolytes, according to which 
only a steady increase of 5»/c with decreasing ¢ should be expected in the 
absence of added extraneous salt. One must therefore attribute this to an 
interaction effect between dissolved polymer molecules. The normal 
concentration effect leading to the Huggins constant values of the order of 
0.3 to 0.7 (6, 7) is insufficient to account for the abnormally high values of 
these slopes, which, on rough estimate, yield the Huggins constants of 3: 
to 5 (decreasing with increasing molecular weight). Another source of, 
interaction which is possible in the present case is the interionic forces 
acting between polyions and/or between polyions and their.counterions. 
It seems likely that a considerable degree of such kind of interaction is 
present even at high dilutions owing to their long-range nature, thus 
bringing about an abnormally high value of the Huggins slope constant. 
Whatever the mechanism may be, it would be difficult to explain the 
observed rapid falls of n.»/c in the region of very small concentrations, 
except on the basis of electrical interaction. 

Our results of Fig. 1 indicate that the type of behavior at concentrations 
above those where the rapid fall of 7,,/c occurs depends on the molecular 
weight of the polymer. When the molecular weight is relatively low (PL 
and PM), the reduced viscosity, after reaching a maximum at about 0.005 
g./100 ml., decreases steadily with increasing concentration until a mini- 
mum (not revealed in the concentration ranges herein studied) is reached. 
On the other hand, when the molecular weight is fairly high (PH and SH), 
such a decreasing trend is no longer realized, but the plot becomes nearly 
horizontal over a wider range of concentration. It is, therefore, expected 
that for samples of much higher molecular weights plots increasing steadily 
with increasing concentration would be obtained. A qualitative interpreta- 
tion of these facts may be made by combining the usual shape theory with 
the effect of intermolecular electrical interaction. For a given polyelectrolyte 
species the relative degree of these two effects upon the reduced viscosity 
of the solution may vary with molecular weight, concentration, and many 
other factors, such as the amount of salt, if added. Whatever the mecha- 
nism and fashion may be, the interaction effect is considered to increase 
the reduced viscosity with concentration, whereas the shape effect, as is 
well known, causes the reduced viscosity to decrease with increasing 
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concentration. It is impossible to exclude the normal concentration effect, 
which, however, is considered as being less important compared with the 
electrical interaction effect, so far as the region of small concentrations is 
concerned. On the basis of this idea, we may explain our experimental 
results as follows: At sufficiently low concentrations, practically less than 
about 0.005 g./100 ml., the electrical interaction effect predominates over 
the other effects, regardless of molecular weight, thus causing the reduced 
viscosity to increase sharply with increasing concentration. When the 
molecular weight of the polymer is relatively low, this effect is gradually 
overcome by the shape effect with increasing concentration, thus leading 
to a curve decreasing steadily with concentration. The appearance of a 
maximum point of 7;)/c is thus considered as a natural consequence. The 
nearly horizontal viscosity curves as observed with samples PH and SH 
may analogously be interpreted as a consequence of the two effects canceling 
each other. 

While we were investigating these types of viscosity behavior with 
aqueous solutions of Na-CMC, we learned that Conway and Butler had 
observed, somewhat earlier, types of behavior similar to those we noted 
with samples PH and SH, in their studies of thymonucleate, deoxy- 
ribonucleate, and highly polymerized polymethacrylate solutions (8, 9). 
Most of their measurements were conducted in a Couette viscometer, but 
some were in capillary viscometers. Their data obtained in the Couette 
apparatus give exclusively values of 7,)/c increasing with increasing 
concentration over the whole concentration range examined. It is to be 
- noted that their measurements, in almost all cases, were extended to as 

extremely low a concentration as 0.00025 g./100 ml. The upper limits 
~ examined were 0.1 g./100 ml. in the case of thymonucleate, 0.025 g./100 ml. 
in the case of deoxyribonucleate, and 0.025 g./100 ml. in the case of poly- 
methacrylate. The general trend of their viscosity curves is markedly 
similar to that of our results for samples PH and SH, except that the 
absolute values of 73p/c of their polyelectrolytes, when compared at 
equivalent concentrations, were much higher than those of our poly- 
electrolytes and that their curve on polymethacrylate showed again a 
nearly horizontal region at concentrations below those where the rapid fall 
of nsp/¢ occurred. They found, however, with thymonucleate solutions, 
that the trend obtained in the Couette viscometer was no longer realized 
in the capillary viscometers. In this case, a type of behavior similar to 
that we noted with samples PM and PL was observed. Namely, they 
confirmed a maximum in 7;,/c. It is cited in their papers (8, 9) that 
Alexander and Hitch (11) have observed also a maximum in q.)/c of 
aqueous polymethacrylate solutions at c = 0.05 g./100 ml., but we do 
not know the details since their paper is not available. The reason why 
the discrepancy of the viscosity behavior occurs in both the Couette and 
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capillary viscometers has not yet been elucidated. Conway and Butler (9) 
have supposed that the values measured in the Couette viscometer, owing 
to the simple geometric conditions obtaining therein, are the more reliable. 
As an origin of the discrepancy, one may raise the question about the 
difference of mean rates of shear obtaining in both viscometers. However, 
this does not offer particular difficulty so far as their data are concerned, 
because their capillary and Couette results have been compared at equal 
mean rates of shear. In connection with this situation, it may be of interest 
to note that the type that Conway and Butler were able to observe only 
in the Couette viscometer has been revealed herein even in the capillary 
viscometer with aqueous Na-CMC solutions. 

It has been shown for various polyelectrolytes that the reduced viscosities 
in salt solutions exhibit a maximum at a concentration where the equivalent 
concentration of the polyelectrolyte is of the same order of magnitude as 
that of the added salt, and some qualitative interpretations of this phe- 
nomenon have been given (2). These indicate that the addition of salt is 
necessary in order to bring about the maximum of the reduced viscosity. 
That this condition is not always necessary, 2.e., that the maximum can be 
obtained even in the salt-free solution, is realized from our experimental 
results presented above. In addition, our recent measurements (10) with 
sodium polyacrylate solutions have shown that the addition of neutral 
salt does not necessarily result in a curve of 7,»/c containing a maximum, 
when the viscosity curve in the salt-free solution is of the type noted with 
the high molecular weight Na-CMC samples PH and SH. These facts 
would appear to require reconsideration of the viscous behavior of poly- 
electrolyte solutions with and without added salts. 
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SUMMARY 


Reduced viscosity vs. concentration curves for four samples of sodium 
carboxy methyl cellulose in pure water solutions at sufficiently high dilu- 
tions were measured at 30°C. in Ostwald-type viscometers. The viscosity- 
average degrees of polymerization (DP) of the samples used covered about 
fivefold range, keeping the degrees of etherification nearly constant (about 
0.7). It was found that: 

1. For two low DP samples, 7;,/c first increases very sharply, reaches a 
maximum at a concentration of about 0.005 g./100 ml., and then decreases 
steadily as the concentration is increased. 

2. For other high DP samples, »,,/c increases more sharply at very low 
concentrations and gradually levels off at higher concentrations. 
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__ The steady decrease of 7,,/c with concentration obtained with the low 
DP samples is of the familiar type and may be interpreted in terms of 
the folding-chain theory of Fuoss and others. However, all other behaviors 
observed can not be explained without introducing the effects of interionic 
interactions between polyions and/or between polyions and their counter- 
ions. A comparative discussion of our experimental data with recent 
similar observations for other polyelectrolytes was made, leading to the 
importance of intermolecular electric interactions which play a_pre- 
dominant role in the viscosity behavior of polyelectrolytes in pure water 
at very low concentrations. 
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INTERFACIAL TENSIONS FROM THE SWELLING OF LATEX 
PARTICLES 


LETTER TO THE EDITOR 


In a recently published paper entitled “Swelling of Latex Particles” by 
Morton, Kaizerman, and Altier, Journal of Colloid Science 9, 300 (1954), 
certain observations concerning interfacial tension measurements appear to 


call for comment. 
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Fia. I. Tension at interface between toluene and aqueous potassium laurate 
solutions in which total [X*] = 0.1 Mol/Liter and pH = 10. 


Swelling data lead the authors to conclude that the actual tension at the 
interface between a swollen latex particle and its environing soap solution 
is much lower than the tension at a plane interface separating phases of 
the same composition. We believe that the value estimated from swelling 
experiments is reliable, and that the apparent discrepancy is due to error 
in the direct measurement of the interfacial tension by the ring method. 

Some time ago we made careful measurements of tension at the interface 
between toluene and potassium laurate solutions, using the drop volume 
method with corrections published by Harkins and Brown (1). Our work 
was done in solutions in which the total K+ was held constant at 0.1 molar, 
The results are shown in Fig. 1, from which it may be seen that a minimum 
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tension of about 4 dynes per centimeter is obtained. This is in good agree- 
ment with the value of 3.5 dynes per centimeter expected according to 
Morton, Kaizerman, and Altier. 

In carrying out this work we attempted to make use of the ring method 
but finally abandoned it as unreliable in dealing with aqueous surfactant 
solutions. With the aid of the drop weight and drop volume methods, 
which are more laborious but very reliable, we had no trouble in securing 
precise and reproducible results. 
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Book Reviews 


Crystal Growth and Dislocations. By Asir Ram VERMA. Academic Press Inc., 
New York, and Butterworths Scientific Publications, London, 1953. 182 pp. Price 
$5.00. 

“The early crystallographers used to be enchanted by what they termed the per- 
fection of crystals, calling their forms perfect in symmetry, imagining the angles 
between faces to be exactly repeated on different samples, and thinking that many 
crystals had extremely plane surfaces. But now our modern techniques (x-ray analy- 
sis, electron microscopy, multiple-beam interferometry and phase-contrast micros- 
copy) sadly destroy this illusion and we find crystals to be highly irregular, to con- 
tain masses of imperfections, to exhibit astonishing varieties of surface microtopog- 
raphies, and to be tantalizingly difficult to explain because of their contrary variety.” 

“X-ray diffraction methods do not reveal information about the very outer layers 
of atoms, where the strain related to surface tension produces some variation in the 
spacing of atomic planes. Surface layers play a very important part in the growth of 
crystals because they act as collectors for fresh material. The electron diffraction 
technique has provided much information in this direction, and has also been used 
for the study of the problem of oriented overgrowth.” 

These quotations outlined the objectives of this book. The author is an expert in 
this field and, by marshalling supporting evidence for the spiral dislocation theory 
of F. C. Frank, he has assembled striking and important contributions toward an 
intelligible and comprehensive theory of crystal growth. 

The clear and convincing presentation is illustrated by many excellent half-tones. 
The format is open to no criticism. Anyone interested in crystals should read this 
compactly written monograph. 

Vicror K. La Mgr, New York, New York 


The Optical Properties of Organic Compounds. By ALEXANDER N. WINCHELL. 
Academic Press Inc., New York 10, New York, 2nd edition, 1954. 318 pp. text, 56 
pp. tables. $12.00. 

This volume and the older companion volume on inorganic compounds also by 
the same author form the two best sources of information for the analytical chemist 
who wishes to use crystallographic properties for identification of unknowns. The 
usefulness of such methods always depends upon the availability of tabulations of 
data, and Dr. Winchell has done an excellent job of collecting, arranging, and editing 
the available data. The compounds covered are arranged according to the Beilstein 
system and a good index facilitates discovery of the data for a given compound. The 
optical data are also tabulated by refractive index, and two graphs plotting simple 
relationships between the refractive indices, birefringence, and optic axial angles 
are quite useful as analytical tools. 


W. C. McCronge, Chicago, Illinois 
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